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FOREWORD
This report documents the first phase of An Analytical and Conceptual Design
Study for an Earth Coverage Infrared Horizon Definition Study performed
under National Aeronautics and Space Administration Contract NAS 1-6010
for Langley Research Center.
This study provides for delineation of the experimental data required to define
the infrared horizon on a global basis and for all time periods. Once defined,
a number of flight techniques are evaluated to collect the experimental data
required. The study includes assessment of the factors which affect the in-
frared horizon through statistical examination of a large body of meteorologi-
cal information and the development of a state-of-the-art infrared horizon
simulation.
The contractual effort was divided into numerous subtasks which are listed
as follows:
Infrared Horizon Definition - A State-of-the Art Report
Derivation of a Meteorological Body of Data Covering the Northern
Hemisphere in the Longitude Region Between 60°W and 160°W from
March 1964 through February 1965
The Synthesis of 15p Infrared Horizon Radiance Profiles from
Meteorological Data Inputs
The Analysis of 15p Infrared Horizon Radiance Profile Variations
Over a Range of Meteorological, Geographical, and Seasonal
Conditions
Derivation and Statistical Comparison of Various Analytical
Techniques Which Define the Location of Reference Horizons in
the Earth's Horizon Radiance Profile
The 15/_ Infrared Horizon Radiance Profile Temporal, Spatial,
Statistical Sampling Requirements for a Global Measurement
Program
and
Evaluation of Several Mission Approaches for Use in Defining
Experimentally the EarthWs 15_ Infrared Horizon
Evaluation of the Apollo Applications Program Missions for an Earth
Coverage Horizon Measurement Program in the 15p Infrared Spectral
Region
Computer Program for Synthesis of 15p Infrared Horizon Radiance
Profiles
iii
Compilation of Computer Programs for a Horizon Definition Study
Compilation of Atmospheric Profiles and Synthesized 15_ Infrared
Horizon Radiance Profiles Covering the Northern Hemisphere in
the Longitude Region Between 60°W and 160°W from March 1964
through February 1965 - Part I
Compilation of Atmospheric Profiles and Synthesized 15_ Infrared
Horizon Radiance Profiles Covering the Northern Hemisphere in
the Longitude Region Between 60°W and 160°W from March 1964
through February 1965 - Part II
Horizon Definition Study Summary - Part I
Honeywell Inc., Systems and Research Division, performed this study
program under the technical direction of Mr. L. G. Larson. The program
was conducted during the period 28 March 1966 through i0 October 1966.
The study results from the first five subtasks listed previously are of
considerable interest and warrant wide distribution to the scientific communi-
ty. It is anticipated that the results of the last eight subtasks are of limited
interest to the general scientific community; therefore, distribution is
provided to U. S. Government Agencies only.
Acknowledgement is extended to GCA Corporation for their contributions on
atmospheric physics leading to a comprehensive profile synthesis computa-
tional model used in this study.
Gratitude is extended to NASA/Langley Research Center for their technical
guidance, under the program technical direction of Mr. L. Keafer and
direct assistance from Messrs. J. Dodgen, R. Davis, and H. Curfman, as
well as the many people within their organization.
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THE SYNTHESIS OF 15_ INFRARED HORIZON RADIANCE
PROFILES FROM METEOROLOGICAL DATA INPUTS
By Jerry C. Bates, Honeywell Inc.
David S. Hanson, Honeywell Inc.
Fred B. House, GCA Corp.
Robert OrB. Carpenter, GCA Corp.
John C. Gille, Florida State University
SUMMARY
Infrared radiance emitted by the Earth and atmosphere varies spectrally and
with tangent height depending on the absorbing properties of the atmospheric
gases and on the temperature and pressure distribution with altitude. This
study was conducted to develop a computational program for modeling the
horizon radiance profile for the 15_Icarbon dioxide absorption band using
temperature and pressure profiles as inputs.
This effort included the specification and development of the theoretical con-
siderations, selection of basic data sources, and the determination of the
necessary spectral resolution and range of integration in the 15_ band. Sig-
nificant contributions to the theory of modeling horizon radiance profiles
include improved carbon dioxide transmittance data determined from all
available sources, quantitative evaluation of the effects of Doppler broadening
and absence of local thermodynamic equilibrium, and a quantitative descrip-
tion of the effects of clouds when observed in this spectral region.
A description of the computational model, as well as the many specific
analyses conducted using it, is included in this report.
INTRODUCTION
Since 1958, when this nation ventured into the space race, the infrared horizon
has been utilized in spacecraft guidance and control systems as the information
source to derive a local vertical. Early systems suffered in accuracy and
stability because of horizon anomalies and equipment problems. Most of these
problems were due to the lack of knowledge of the characteristics of the horizon
as viewed from a spaceborne vehicle.
Since those early days of operation in space, many theoretical and experimen-
tal investigations of the EarthWs horizon radiance profile have been made using
the infrared frequency region of the electromagnetic spectrum. The results
of these investigations have shown that the effects of clouds, atmospheric
water vapor, and the spatial and temporal variation of the atmosphere itself
affect the horizon radiance profiles. However, they have also identified that
the 15 micron carbon dioxide absorption band may be an extremely stable
reference. These investigations have also lead to a better understanding of
the properties of transmission and absorption of the atmosphere as a function
of spectral width and different wavelengths encompassing the region of inter-
est in the electromagnetic spectrum. The full potential of the 15 micron car-
bon dioxide band will not be realized, however, until a comprehensive mea-
surement program verifies the early theoretical work and provides for a sta-
tistical description of the horizon in time and space. The works of Wark,
Alishouse, Yamamoto, Hanel, Kondratiev, and Yakushevskaya all have dealt
with the defintion of the EarthWs horizon radiance profile in the 15 micron
carbon dioxide band. These effects have necessarily been restricted to the
calculation of horizon radiance profiles using a few average temperature pro-
files for selected space-time conditions over the Earthts surface.
The purpose of this study is to define with a high degree of statistical con-
fidence, the variations in the Earthts horizon radiance profile in the 15_
carbon dioxide band. To define accurately the horizon radiance profile,
the tangent height range was from -30 km to +80 kin. This ensures that
data will be taken from the cold of outer space to within the solid disc of the
Earth. Since actual horizon radiance profiles are not available for analysis,
these data must be synthesized from temperature and pressure profiles
representing time and space variations over the Earth's surface. A total
of 1085 temperature profiles representing this time and space dimensional
variation was collected during the study and used to synthesize the profiles
re quire d.
The investigations conducted in this study have extended the theoretical treat-
ment of the definition of the EarthWs horizon radiance profile in the 15 micron
carbon dioxide absorption band which has resulted in an extension of the avail-
able carbon dioxide transmittance data to the low pressure-long optical path
region required for accurate horizon profile definition. The effects of
Doppler broadening and the absence of local thermodynamic equilibrium in
the upper atmosphere have been analytically examined and the results docu-
mented in the study. Analytical and numerical studies were conducted to
select the optimum spectral interval within the carbon dioxide absorption
band with the objective of providing for horizon radiance stability within
the state-of-the-art of signal-to-noise considerations in spaeeborne hard-
ware. These analytical efforts represent the most comprehensive treat-
ment of the synthesis of the Earth's carbon dioxide horizon radiance pro-
files ever conducted. Since the study was primarily concerned with the 15_
carbon dioxide band, all of the data presented were synthesized using a
computer program assuming CO2 to be the only absorber. However, the
effects of water vapor and ozone were known to affect the wing portions of
this spectral region. For this reason, a more comprehensive synthesis
program was developed including the effects of all three absorbing gases
in the 15_ spectral region. Subsequent analyses proved the effects of
water vapor and ozone to be minimal in the finely selected spectral region,
615 to 715 cm -I. The complete numerical computer program to calculate
these data is considered to be the present state-of-the-art in this field,
and its capabilities are presented within this report together with the
analyses conducted using the program.
ATMOSPHERIC PHYSICS
An accurate mathematical representation of the Earth's horizon radiance pro-
file requires very detailed analyses of the physics of the upper atmosphere.
The theroetical foundations and analysis methods for the calculation of these
radiance profiles is presented with refinements and corrections which have
not previously been applied to such calculations.
The basic radiation equation for transfer of energy through the Earth's atmos-
phere is presented. For numerical calculations of the radiance, the trans-
mittance data required is developed, permitting improved spectral resolution
and calculation accuracy in the 14-16_ carbon dioxide absorption band.
Two major assumptions have been made in the past regarding synthesis of
radiance profiles: the effects of Doppler broadening and the absence of local
thermodynamic equilibrium were neglected. Corrections to the theoretical
results were developed to describe accurately these effects and are included
in all analyses.
Refraction by the Earth's atmosphere is also considered to determine the
curvature of the path over which the radiation equation is integrated. In the
integration over the path, weighting functions are defined which indicate the
relative amount of radiative energy emanating from any particular altitude
level in the Earth's atmosphere.
RADIATION EQUATION
The radiant energy emitted by the Earth and atmosphere in the carbon dioxide
band is expressed by the following integral equation:
N(h) / v2 /T J_(T) d_" dv +/v2
= _ j (T o) 1",_odV (1)
where N(h) is the radiance for a given tangent height, h, v is the wave
number, and the desired bounds of the carbon dioxide spectral interval are
v I and v 2 . J_(T) is the spectral source function at temperature T, and
TV is the spectral transmittance of the Earth's atmosphere along the line of
sight. The subscript o indicates evaluation of the subject function at the
Earth's surface.
Equation (i) lends itself to an immediate interpretation. The double integral
is the radiant energy emitted by the atmosphere, and the single integral is
the radiant energy emitted by the Earth's surface and ultimately transmitted
to the top of the atmosphere. It is assumed here that the Earth's surface
emits as a blackbody. Referring to Figure I, the integration is carried out
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Figure 1. Calculated Absorption Spectrogram of the 1 5_ CO 2 Band
along the geometric path, s, refracted by the atmosphere as discussed at
the end of this section. Each curve in the figure shows the path length in
centimeter-atmospheres (cm-atm) at standard temperature and pressure(STP).
If the path passes completely through the atmosphere without intersecting
the Earth's surface or any other blackbody, the value of the single integral
in Equation (i) is zero.
The integrand of Equation (i) consists of two primary quantities; the source
function and the transmittance function, each of which are functions of key
atmospheric variables.
Source Function
If conditions of local thermodynamic equilibrium exist as described later
in this section, the spectral source function is related to the Planck black-
body function, B_ (T) by
i Bv(T ) (2)Jr(T) = -_
where
1 Bv(T ) =
3
Cl_
(-C2_ l-
exp \ T /
and
-5 2/sec- srC 1 = 1. 1909 x 10 erg-cm
C 2 = 1.4389 cm deg.
The condition of local thermodynamic equilibrium is valid at lower tangent
heights where the atmospheric pressure and density are sufficiently high
to permit a Boltzman distribution of the vibrational and rotational energy
levels of the gas molecule. At higher tangent heights, departure from
thermodynamic equilibrium occurs and the Planck source function must be
modified accordingly, as discussed later.
Transmittance Function
Atmospheric transmittance is a complicated function of three integrated
variables over the path of the radiation beam; the three variables are
optical depth, pressure, and temperature. There is not a generally
applicable analytic function describing the variation of atmospheric trans-
mittance with these three variables. However, the pertinent results of
several CO2 transmittance studies, as described immediately below, were
assembled and fitted with an analytic function suitable for use in calculation
of horizon radiance profiles.
CARBON DIOXIDE TRANSMITTANCE
Within the 15_ CO2 band, transmittance varies with wavelength as a function
of CO2 concentration, and atmospheric temperature and pressure. The
pressure and temperature dependence is caused by the effects of pressure
and temperature on the widths of the CO2 absorption lines. Calculation
of the shape of the absorption lines is done using two theories of line
broadening; Lorentz or collision broadening and Doppler broadening. At
lower tangent heights, the Lorentz line shape is applicable; in the upper
atmosphere, Doppler broadening must also be considered. In this section,
discussion of transmittance encompasses only Lorentz line shapes; treat-
ment of Doppler braodening and the required corrections to the Lorentz
shapes for computation at high altitudes is discussed separately.
In this study, transmittance tables resulting from studies by Stull, Wyatt,
and Plass (ref. 2), and Plass (ref. 3), were consulted to obtain transmittance
values. The combined data, tabulated for homogeneous and for non-homo-
geneous atmospheric paths, provided a range of variables suitable for use in
this study, although either source alone was insufficient. As discussed in
detail below, the tables were analyzed to obtain closed form curve fits to
transmittance with the independent variables being optical path, effective
pressure, and effective temperature.
The 15 micron CO 2 band was divided into ten spectral intervals to permit
accurate evaluation of the relative value of the regions of different absorp-
tion properties within the total range selected. Interval sizes were based
on the shape of CO 2 transmittance versus wavenumber curves, Figure i,
and the spectral resolution available in the tabulated data.
Spectral Division of the CO2 Band
The graphs in Figure 1 show, for the 15_ CO 2 band, the absorptivity as a
function of wavenumber for different amounts of CO 2. The band is centered
around the strongly absorbing region of the Q branch at about 667.5 cm -I.
Other Q branches are evident at about 618 cm-l, 721 cm-l, and 792 cm -I.
The P and R branches are adjacent to the band center at lower and higher
wavenumbers, respectively.
7
The total spectral range considered for the horizon radiance profile studies
extends from 600 to 725 cm -I. This selection is based on the total atmos-
pheric absorption properties. Since carbon dioxide was to be exclusively
considered in this part of the study, it was necessary to confine the spectral
range to those regions in which atmospheric absorption properties are domi-
nated by that gas. Further extension of the range would cause a questionable
validity of results because water vapor and ozone become significant absorbers
as such extension takes place.
The total spectral range is subdivided into ten smaller spectral intervals by
requiring that the absorption properties within each interval be similar.
Figure 1 shows the absorption as a function of wavenumber for a wide
range of optical paths with other conditions being constant. The three Q
branches (615 to 625 cm -I, 665 to 670 cm -I, and 715 to 725 cm-l) are
obviously each a region of similar absorption _roperties. The P and Rbranches (645 to 665 cm-i and 670 to 690 cm- ) exhibit relatively constant
absorption within their intervals. Below 645 crn -I and above 690 cm -I,
the absorption decreases rapidly with wavenumber until the two outside
Q branches are reached. From these two regions of linearly changing
absorption, four spectral intervals were constructed (625 to 635 cm-l,
635 to 645 cm-l, 690 to 705 cm-l, and 705 to 715 cm-l). The final spectral
interval chosen is the band of nearly constant absorption from 600 to 615
cm-l. These ten spectral intervals are listed in Table i.
TABLE i. - SPECTRAL DIVISION OF THE CO2 BAND
Sub-interval no. Spectral interval, cm- 1
1
2
3
4
5
6
7
8
9
i0
600
615
625
635
645
665
670
690
705
715
- 615
- 625
- 635
- 645
- 665
- 670
- 690
- 705
- 715
- 725
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Before making a final decision as to the spectral division of the CO2 band, the
possible sources of transmittance data that are suitable for the horizon radi-
ance calculations must be considered. One peculiarity of the problem is that
rather large optical path lengths of CO2 occur at low pressures. This is due
to the slant angle at which the atmosphere is viewed. Any transmittance
tables must include this combination of large path lengths and low pressures
to be suitable. Possible transmittance tables are those of Wark, obtained
through the courtesy of Dr. D.Q. Wark, ESSA, National Weather Satellite Center
Suitland, Md., Elsasser (ref. 4), Stull, Wyatt and Plass (ref. 2) and Drayson
(ref. 5). Even though Drayson's calculations have the necessary spectral
division, the data are not tabulated in a suitable form. Therefore, Drayson's
data were not considered in the selection.
Wark's data are tabulated for 25 cm-1 intervals over the desired interval;
Elsasser's data are tabulated for intervals of 20 cm-1; and the data of Stull,
Wyatt, and Plass are available every 2.5 cm-1 averaged over 5 cm -1 intervals.
The data of Stull, et al., were finally selected since their calculations are most
up-to-date. The slant path calculations of CO2 transmittance in the stratosphere
by Plass (ref. 3) were a valuable supplement to fill in the gap of transmittance
data at low pressures and relatively large path lengths.
In view of the logical division of the band, discussed above, and the five wave-
number tabulation of the Stull, Wyatt, and Plass data, the band was divided
into ten intervals as suggested above and shown in Table 1.
Curve Fitting of Spectral Transmittance Tables
Methods of curve-fitting the transmittance tables were developed for several
reasons, the most important being the possibility of combining the slant path
transmittance data of plass (ref. 3) with the homogeneous path data of Stull,
Wyatt, and Plass (ref. 2). Other benefits included an improvement in the
time required for computation of transmittance values and the use of much
less storage space in the computer. It should be pointed out that the entire
curve-fitting procedure was carried out analytically; there were no graphical
extensions or subjective guesses.
It was mentioned previously that the spectral transmittance in the CO2 band
is a complicated function of the optical path length, the pressure in the atmos-
phere, and, to a lesser extent, the temperature. The transmittance tables
of Stull, Wyatt and Plass (ref. 2) are tabulated for these three parameters in
homogeneous path lengths, which are valid at STP only. The spectral trans-
mittance is then a function of three parameters:
_ = • (u, p, T), (3)
where u is the optical_path length of CO 2 in cm-atm at STP, p is the effective
pressure in arm, and T is the effective temperature in °K. The homogeneous
tables of Stull, et al., (ref. 2) cover a range of u from 0.2 cm to 10, 000cm,
a range of p from 1.0 atm to 0.01 atm, and a range of temperatures from
200°K to 300_K.
The corresponding data from Plass (ref. 3) for slant path transmittance at a
variety of angles to the horizontal in the stratosphere apply to non-homoge-
neous path lengths in the real atmosphere. To combine the slant path data
with the homogeneous path data, the slant path data must be reduced to effec-
tive STP conditions. Of course, any given path along s in the numerical inte-
g-ration formula is also reduced in the same manner to STP, in order to com-
pute the spectral transmittance. The optical path is defined by
f Tu = c p o ds, (4)
s Po T
where c is the volumetric mixing ratio of CO2 in dry air, p
pressure (i000 mb), and T is standard temperature (273°K). °
pressure is defined by o
is standard
The effective
f --P-- du
-- s Po
p - , (5)
Y du
S
and the effective temperature is defined by
YTdu
S
W - (6)
Y du
S
The formulae in Equations (4), (5) and (6) were used to reduce the slant path
data to STP conditions for 19 angles from the horizontal to the vertical and
for the four reference levels in the atmosphere, 15 kin, 25 km, 30 kin, and
50 km. For future reference, these reduced parameters are tabulated in
Tables 2 through 5. The angles in the tables correspond to the same angles
as in the Plass slant path data. The numbers in these tables are written in
floating print format: The integer following the E is the power of ten by which
the table entry is to be multiplied.
A few calculations of the variation of optical path length u and effective pres-
sure _ for different tangent heights of view were done to increase understand-
ing of the problem and to determine the possible range of u and i_. A plot of
these results is shown in Figure 2, where the common logarithm of optical
path length is the ordinate, increasing downward, and the common logarithm
of effective pressure is the abscissa.
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TABLE 2.- u, _ AND T" PARAMETERS FOR SLANT PATH TRANSMITTANCE
DATA - REFERENCE LEVEL AT 15 km
Angle
0
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
Optical path, u,
cm-atm
0. 1203E 04
0. 3178E 03
0. 1717E 03
0. 1171E 03
0. 8919E 02
0o7239E 02
0° 6129E 02
0. 5347E 02
0° 4775t_ O2
0o4342E 02
0.4009E 02
0. 3650E 02
0. 3547E 02
0.3390E 02
0o3270E 02
0. 3181E O2
0° 3120E 02
0. 3083E 02
0.3073E 02
Efie etive
pressure., p,
mb
0. 8421E-01
0. 6357E-01
0. 6158E-01
0. 6109E-01
0. 6091E-01
0. 6082E-01
0. 6077E-01
0. 6074E-01
0. 6072E-01
0. 6071E-01
0. 6070E-01
"0.6069E-01
0. 6069E-01
0. 6068E-01
0. 6068E-01
0. 6067E-01
0. 6067E-01
0. 6065E-01
0. 6068E-01
Effective
temp, T,
oK
0. 2179E
0. 2198E
0. 2203E
0. 2204E
0. 2205E
0. 2205E
0. 2205E
0. 2205E
0. 2205E
0. 2205E
0. 2205E
0. 2205E
0. 2205E
0. 2205E
0. 2205E
0. 2205E
0. 2205E
0. 2205E
0. 2205E
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
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TABLE 3.- u, _"AND T PARAMETERS FOR SLANT PATH TRANSMITTANCE
DATA - REFERENCE LEVEL AT 25 km
Angle
0
5
I0
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
Optical path, u,
cm-atm
0. 2486E 03
0. 6615E 02
0. 3586E 02
0. 2448E 02
0. 1865E 02
0. 1514E 02
0. 1282E 02
0. 1118E 02
0. 9988E 01
0. 9084E 01
0. 8388E 01
0° 7845E 01
0. 7422E 01
0. 7093E 01
0. 6841E 01
0° 6656E 01
0. 6528E 01
0. 6451E 01
0. 6430E 01
Effective
pressure, p
mb
0.1764E-01
0.1330E-01
0.1286E-01
0.1275E-01
0.1271E-01
0. 1269E-01
0.1268E-01
0.1267E-01
0, 1266E-01
0° 1266E-01
0.1266E-01
0. 1266E-01
Oe
0.
0.
Effective
temp, T
oK
0.2179E
0. 2338E
0.2348E
0.2351E
0. 2352E
0. 2352E
0° 2352E
0. 2352E
0.2352E
0.2353E
0.2353E
0.2353E
0. 1266E-01 0. 2353E
0.1265E-01 0o 2353E
0.1265E-01 0.2353E
0. 1265E-01 0.2353E
1265E-01 0.2353E
1265E-01 0.2353E
1265E-01 0. 2353E
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
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mTABLE 4.- u, _ AND T PARAMETERS FOR SLANT PATH TRANSMITTANCE
DATA - REFERENCE LEVEL AT 30 km
Angle
0
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
Optical path, u,
cm-atrn
0. 1132E 03
0. 3091E 02
0.1681E 02
0.1149E 02
0.8759E 01
0.7112E 01
0.6022E 01
0.5255E 01
0° 4693E 01
0.4268E 01
0° 3941E 01
0.3686E 01
0.3487E 01
0.3332E 01
0.3214E 01
0.3 127E 01
0.3067E 01
0.3031E 01
0.3021E 01
Effective
pressure, p
mb
Effective
temp, T,
OK
0. 8290E-02
0. 6552E-02
0. 6037E-02
0. 5983E-02
0. 5963E-02
0. 5953E-02
0. 5948E-02
0. 5944E-02
0° 5942E-02
0° 5940E-02
0. 5939E-02
0° 5938E-02
0. 5938E-02
0. 5937E-02
0. 5937E-02
0. 5937E-02
0. 5936E-02
0° 5934E-02
0. 5937E-02
0. 2411E 03
0. 2480E 03
0. 2488E 03
0. 2490E 03
0. 2490E 03
0. 2491E 03
0. 2491E 03
0° 2491E 03
0. 2491E 03
0.2491E 03
0. 2491E 03
0. 2491E 03
0. 2491E 03
0. 2491E O3
0. 2491E 03
0. 2491E 03
0. 2491E 03
0. 2491E 03
0. 2491E 03
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TABLE 5.- u, _ AND T PARAMETERS FOR SLANT PATH TRANSMITTANCE
DATA - REFERENCE LEVEL AT 50 km
Angle
0
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
Optical path, u,
cm-atm
0.7777E 01
0.2284E 01
0.1249E 01
0.8550E 00
0.6517E 00
0.5293E 00
0.4482E 00
0.3911E 00
0.3493E 00
0.3176E 00
0.2933E 00
0.2743E 00
0.2595E 00
0.2480E 00
0.2392E 00
0.2328E 00
0.2283E 00
0.2256E 00
0.2249E 00
Effective
pressure, p,
mb
0.6105E-03
0.4630E-03
0.4472E-03
0.4434E-03
0.4419E-03
0.4412E-03
0.4408E-03
0.4406E-03
0.4404E-03
0.4403E-03
0.4402E-03
0.4402E-03
0.4401E-03
0.4401E-03
0.4401E-03
0.4400E-03
0.4400E-03
0.4399E-03
0.4401E-03
Effective
temp, T,
_K
0.2730E 03
0.2633E 03
0.2617E 03
0.2613E 03
0.2611E 03
0.2610E 03
0.2610E 03
0.2610E 03
0.2609E 03
0°2609E 03
0°2609E 03
0.2609E 03
0.2609E 03
0.2609E O3
0.2609E 03
0.2609E O3
0. 2609E 03
0. 2609E 03
0. 2609E 03
14
45
4O
-6 -5 -4 -5 .._ -t 0 I
L°g10 P 19
Figure 2. Variation of LOgl0 u versus LOgl0 p for Different Tangent
Height of View
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It is evident in these graphs that the optical path length varies over 8+ decades
whereas the effective pressure varies over 5+ decades, and that quite large
path lengths occur at low pressures, a particular characteristics of the hori-
zon radiance problem. Also, it is important to note that the envelope of these
curves includes a narrow range of logl0 u for a given lOgl0 p value; this
range is less than one decade in width. Consequently, only a small portion
of the homogeneous transmittance tables will be used in horizon calculations.
The values of transmittance that fall into the curve envelope in Figure 2 in-
clude the effective pressures of 0.01, 0.02, and 0.05 arm, and respective
path length ranges of 50 to 500, i00 to 500, and 200 to 1000 cm-atm. The
remaining transmittance values in the tables fall outside the envelope of the
curve S.
The rather narrow range of optical path lengths for a given effective pressure
also suggests that it is possible to treat the variation of spectral transmittance
as a function of the product up rather thanthe two variables separately. This
approach has the great advantage of eliminating one dimension of the trans-
mittance tables. Therefore, the spectral transmittance can be written as a
function of only two parameters:
m
The independent variable for the curve-fitting procedure was chosen as _,ne u_
since transmittance varies principally with optical path length and pressure.
The dependent variable for the curve-fitting procedure was 4ne(4n e i/7 v).
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This expression was selected for two reasons: 1) the &n e 1/x9 approaches t?Le
spectral absorptance (1-Tv) as Tv approaches 1. Also, for low values of
&n e 1]Tv, the plot of Lne(&ne 1/Tv)versus &ne u_ exhibits a slope of nearly
1/2 which corresponds to the familiar square root region of strong line absorp-
tion in spectroscopic theory; and, 2) the graph of &ne(&ne 1/Tv) versus &n e
u_ shows good definition for large values of _ne u_ (small values of _) and
allows accurate curve-fitting in this region.
A sample plot of homogeneous path and slant path transmittance data for spectral
interval No. 3 (635 cm -1 to 645 cm-1) is shown in Figure 3. It should be men-
tioned that all the available data are not plotted on this graph since many of the
values overlap each other. The data for the homogeneous paths are shown for
the temperatures 300°K, 250°K, and 200OK and include only those values that
apply to the horizon radiance problem. The slant path data for levels at 30 km
and 50 km are also shown to demonstrate graphically how this additional data
aided in the extension of the transmittance tables to low pressures and short
path lengths. Both sets of data for this interval extend from near transparency,
to near opacity,
W = 0. 993
[_n e (Ln e 1/T_) = -4.96],
_'v = O. 001,
[ ,ene (_n e 1/T_) = i. 93].
Two major concerns in the curve-fitting procedure are to combine both sets
of data in a single fitting and to extend the effective temperature range down
to 150°K. The main difficulty in the fitting procedure is that the homogeneous
data are computed for three temperatures and the slant path data are valid for
different effective temperatures. To circumvent this problem, all data was
normalized to an effective temperature of 250°K, using the homogeneous data
to define the magnitude of the temperature scaling. To effect accurately a
temperature scaling to 250°K, all the 300°K and 200°K transmittance data
Figure 3 must be reduced and raised in magnitude, respectively. The slopes
of the curves for the three temperatures are slightly different and this effect
must also be accounted for in the scaling procedure. These two scalings
may be described as "shifting" (change in magnitude) and "tilting" (change in
slope) the data curves.
The magnitudes of "shifting" and "tilting" were determined by examining the
constant and linear coefficients of curve fits to the homogeneous data for each
temperature. These coefficients were then curve-fitted as a function of
temperature.
The mathematical formulation of the results may be expressed as follows.
Let x = 4ne (upo) and y (T) = _,ne(4ne l/Tv) for a given effective temperature.
y(T) is defined by a third order polynomial equation:
+ x + 2 + 3y(_') = c o' (8)
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The three sets of homogeneous data for each temperature in Figure 3 were
fitted by the method of least squares. Figures 4 and 5 show a plot of the
constant and linear coefficients, Cot and cl', respectively, of these curve
fits as a function of effective temperature. These two sets of three values each
were then fitted with parabolas, again using the method of least squares. The
natural curve-fit extension of both curves to 150°K is shown by the dashed lines
in Figures 4 and 5. The curve in Figure 4 provides for the "shifting" of the
data curves in Figure 3 and the curve in Figure 5 accounts for the slight amount
of "tilting" of the data curves. With these two known variations, it is possible
to normalize all data to an effective temperature of 250°K (see base values in
Figures 4 and 5).
The next step is to curve-fit the entire set of normalized data using a third
order polynomial as in Equation 8a. Let the expression for y(T) at 250¢_K be:
2 3
y(250°K) = c 0+ clx+ c2x + c3x , (Sa)
where the coefficients in this expression are different from the c 0' and c 1' used
previously. For any temperature between 150°K and 300°K, the value of y(T)
is de-scaled in the following manner:
y(T) = y(250°K) + (A 1 + B 1 Ln e u_) (T - 250°K)
+ (A 2 + B 2 _ne u_) (_2 _ 250OK2). (9)
The scaling coefficients, A 1 and A 2 for'the "shifting" effect and B 1 and B 2 for
the "tilting]' effects, are the linear and quadratic coefficients of the parabolas
fitted to the data which are plotted in Figures 4 and 5, respectively. To obtain
the value of spectral transmittance from Equation (9), the expotential of the
negative exponential of y(T) is computed;
_v : exp [-exp y(T)]. (i0)
The curve-fit coefficients for a i0 interval and 25 interval division of the 15_
band are listed in Appendix A. The l0 interval coefficients were used in the
study; the capability for horizon radiance profile calculations with spectral
resolution up to 25 intervals is provided in the CORPS(COmprehensive Radiance
Profile Synthesises) program as described in that section of this report.
Discussion of Results
The data available from Stull, Wyatt, and Plass (ref. 2) are preferred for
horizon profile applications above all others for two basic reasons. First,
the spectral resolution available is suitable for evaluation of the optimum
spectral range for horizon sensing purposes; no other source offers com-
parable resolution. Second, the ranges, of pressure, temperature, and optical
path for which transmittance data are provided is sufficient for horizon radiance
calculations to eliminate the necessity for extrapolation in optical path and
pressure as would otherwise be required with the use of other sources.
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The latter of these benefits is realized because two types of data are used in
the curve-fitting procedure. Data is tabulated giving the transmittance of path
lengths homogeneous with respect to temperature and pressure and of non-
homogeneous slant paths through the 1962 Standard Atmosphere. The slant
path data was applied to advantage by computing the effective temperature,
pressure, and optical path to which the tabulated slant path transmittance
applied. These values filled an existing void in the homogeneous path data
and all other sources of data by specifying the transmittance for low pressures
and short optical paths. Figure 3 shows the extension in the range of p made
possible by the use of the slant path data.
The necessary range of temperature, however, is found only in the homogeneous
path data. In Tables 2 through 5, it is shown that the range of T in the slant
path data is from about 220°K to about 270°K and is smaller for the extended range
of u-p. This is overcome by normalizing all data to 250OK, performing the curve-
fit procedure, and readjusting the curve to the desired temperature, as described
earlier.
When normalized to the same temperature, the values of transmittance from
the homogeneous and slant path data are not precisely in agreement. Some
scatter exists in the data and the curve passed through these data is the one
which minimizes the standard error.
The magnitude of the standard error between the original data and the curve-
fitted data (which is simply a measure of the scatter in the original data) varies
somewhat with the spectral interval. The meaning of the standard error as
applied to this problem is reviewed and followed by a tabulation and interpreta-
tion of the results.
Let the original N data points be denoted by:
Yi(X)o, i = 1, 2, ... N,
and let the corresponding values given by the curve be denoted by
standard error is then given by:
°y I N( }2- z yi(x)- ? (x)
i=1
(x). The
(ii)
Since the transmittance is found from the curve-fit expression in the following
way:
T = exp [- expy(x)]. (12)
The magnitude of the scatter in transmittance values in the original data is
e_timated frnm the relationship
_ d r dx I1 a)
dx dy
2O
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This expression is evidently dependent on the value of T since dT/dx approaches
zero as _ gets close to either zero or one. Equation (13) has been evaluated as
a function of T for the smallest, largest, and intermediate values encountered
of the standard error, _y.
The standard errors are tabulated for the i0 and 25 spectral interval divisions
in Table 6. The curves A _ versus • for parametric values of _y are given
in Figure 6. It is emphasized that these A T represent scatter in the tabulated
values, and that the curve provides a value which is the average in the sense
that it minimizes the standard error.
Some indication of the significance of such scatter, which must be interpreted
as uncertainty in the knowledge of transmittance values, may be gained from
Figure 7. Actual transmittance values for atmospheric slant path lines of sight
are given as a function of wave number. The variation with wave number is
particularly important for transmittance between 0.1 and 0.8. The variation
of transmittance under the same conditions, from the center of one spectral
interval to the next, can be expected to be larger than the corresponding un-
certainty in transmittance as estimated from Table 6 and Figure 7. In other
words, the data uncertainty does not overwhelm the usefulness of the information
gained by using this source of data in preference to others.
DOPPLER BROADENING
In the absence of broadening processes "of any kind, the absorption and emission
spectra of molecular species would consist of discrete lines of wave numbers in
the electromagnetic spectrum. This is true since the reason for absorption
and emission in an isolated molecule is the exlstenee of a quantized energy
difference between various vibrational and rotational states of the molecule or
between excited states of the electrons. Only photons which add or subtract the
correct amount of energy to enable the molecule to move from one discrete
energy level to another, are absorbed and emitted. However, a number of
physical processes operate to perturb these energy levels which give the lines
a definable shape and permits reaction with a range of photons whose wave
numbers are close to the unperturbed discrete line.
The shapes of lines in absorption and emission spectra have been studied by
physicists and astronomers for many years. The treatment by Goody (ref. 7)
shows that in the atmosphere only collision (Lorentz) broadening and Doppler
broadening need to be considered. As the name implies, collision broadening
is due to the perturbation of the energy levels of the absorber or emitter by
another molecule passing close to the emitter. The width of the collision
broadened line depends on the number of molecules available to collide with
the emitter and, consequently, on the pressure of the medium.
The Doppler width however, depends on the velocity of the emitter or absorber
and, thus. by kinetic theory, on the temperature. The effect is independent of
pressure, and its velocity as ten]pe_rature effect is analogous to the change in
pitch of an approaching automobile horn as it passes the listener at high =peed.
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TABLE o- STANDARD ERRORS OF THE STULL, WYATT, AND PLASS
DATA USED FOR CURVE-FITTING IN i0 AND 25 SPECTRAL
INTERVALS
Spectral interval Standard
600-615 O.
615-625 O.
625-635 O.
635-645
645-665
665-670
670 -690
690-705
705-715
715-725
600-605
605-610
610-615
615-620
620-625
625-630
630-635
635-640
640-645
645-650
650-655
655-660
660-665
665-670
670-675
675-680
680-685
685-690
690-695
695-700
700-705
705-710
710-715
715-720
720-725
De
O.
O.
O.
O.
O.
O.
Do
O.
O.
O.
O.
O.
O.
O.
O.
O.
O.
O.
O.
O.
O.
O.
O.
O.
O.
O.
O.
O.
O.
O.
O.
error, Oy
082
040
039
050
061
051
067
047
053
046
073
075
072
032
035
032
034
040
043
053
068
073
074
056
074
069
069
064
O5O
039
O32
O46
051
027
O34
23
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Both Doppler and Lorentz broadening depend on the square root of the temperature.
This effect does not operate to change the relative importance of the two broaden-
ing mechanisms. However, the Lorentz width is proportional to the pressure
and, consequently, decreases exponentially with atmospheric altitude. The
Doppler shape maintains its relatively constant temperature dependent width.
Thus, the Lorentz width, which is much the wider of the two at the earth's
surface and adequately describes the line shape by itself, eventually becomes
narrower than the Doppler width. The two are equal at about 30 kin. A mixed
Doppler and Lorentz line shape should be applied to describe the absorption
properties of carbon dioxide at this point. The data discussed in the previous
section is based on the collision broadened Lorentz line shape only. At higher
altitudes, a correction to this data is required.
A theoretical discussion of the problem of determining the proper correction
to the transmittance data described in the previous section is provided in
Appendix B.
The computational methods based on this discussion and used to correct the
curve-fitted transmittance function for the effects of Doppler broadening
follow immediately below.
Calculation of the Doppler Correction
The method selected for computing the Doppler correction to the Lorentz
transmittance of carbon dioxide is to apply a multiplicative correction factor
calculated from theoretical results. The numerical values of the carbon dioxide
properties required for this calculation are taken from the data of Stull, Wyatt,
and Plass (ref. 2).
The form of the corrected Doppler transmittance is
= _" (1 "SUM ¥"), (14)T _) cor v -
In this expression _v is the spectral transmittance calculated from the infor-
mation in the last section, and is based on the Lorentz line shape only. The
correction factor, (I - SUM Y"), is a function of the spectral interval, the
optical path, and the temperature. For the purpose of finding the numerical
value of this correction factor in a horizon profile synthesis program, tables
are provided giving the calculated value of "SUM Y" over the entire range of
spectral intervals, optical paths, and temperatures of interest. Appendix B
gives this information. For the purpose of illustrating this discussion, a
small portion of these tables are reproduced in Table 7. The complete tables
provide a spectral range from 600 to 725 cm -I "in 25 evenly spaced spectral
intervals; a range of lOgl0 U from i. 5 to -3.0 with I0 evenly spaced values
given fo_ each spectral interval; and a separate table for temperatures of
300°K, 250°K, and 200°K.
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TABLE 7.- ILLUSTRATIVE SAMPLE OF THE TABLES OF THE DOPPLER
CORRECTION FACTOR, "SUM Y" at T = 300°K
Log10 U
+i.0 0.0 -i.0 -2.0
662.5 0.007000 0.020300 0.017800 0.003676
667.5 0.011240 0.020660 0.019420 0.015240
T = 250°K
LOgl0 U
+i. 0 0.0 -i. 0 -2.0
662.5 0.007000 0.002177 0.016180 0.003449
667.5 0.007000 0.001704 0.024250 0.017200
The effective temperature along the tangent height path is used as the table
parameter. Since the table provides only for temperatures of 300°K, 250°K,
and 200OK, an interpolation between the tables is required for other temperatures
within this range. For temperatures below 200 degrees a linear extrapolation of
the correction trend between 250OK and 200°K is used; similarly, the correction
trend may be extended for temperatures above 300°K.
In Table 7, the values of v mean that the tabulated values of "SUM Y" which
follow, apply to the spectral interval _ + 2.5 cm -1. The complete tables give
'_ = 602.5, 607.5, ..., 722.5 em -1. For larger spectral intervals, such as
660 to 670 cm _ 1_,the procedure is to use the arithmetic mean of the tabulated
values of "SUM Y" falling within the desired spectral interval. From Table 7,
for example, a smaller table could be constructed consisting of only the value
of "SUM Y" for the spectral interval 660 to 670 cm "1 by taking the mean of the
two values in each column. The entry in the column would then be 665 cm-1.
Finally, an interpolation on the value of lOgl0 U is also required to complete
the determination of the "SUM Y". Consequently, the result is obtained from
two interpolations. Optical path is interpolated as logl0U in the first instance
encountered. The resulting values from two different temperature tables are
used for linear interpolation to the proper temperature.
The data in these tables have been obtained by a modification of the quasi-random
model of Stull, Wyatt, and Plass (ref. 2) in the high altitude non-overlapping
region. The theoretical background and the details of the calculation of the
table entries are given in Appendix C and B, respectively.
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Results
During the period of development of the computer capability for synthesizing
horizon profiles corrected for the effect of Doppler broadening, the experiments
conducted included comparison of horizon profiles with and without the Doppler
correction. Typical of these results is the comparison between two such curves
for the 1962 Standard Atmosphere shown in Figure 8. The difference appears
quite small for the entire range. Figure 9 shows the actual difference for the
same data, as determined from the digital output. The curve shows the difference
between the radiance at each tangent height as computed with and without the
Doppler correction, the Doppler correction decreases the radiance for tangent
heights below 55 kin.
LOCAL THERMODYNAMIC EQUILIBRIUM (LTE)
Introduction
In thermodynamic equilibrium, the source function in the radiative transfer
equation depends upon the atmospheric temperature and the frequency of the
radiation. Thermodynamic equilibrium prevails in the atmosphere when the
vibrational (and rotational) energy levels of the gas molecule remain populated
according to a Boltzmann distribution determined by the local kinetic temperature.
This is possible only if collisions are frequent enough to maintain such a dis-
tribution in spite of the radiative processes. The time required to establish a
Boltzmann distribution by coilisions is called the relaxation time and is inversely
proportional to atmospheric pressure. If the relaxation time is short compared
with the radiative lifetime of the excited levels, as in the lower atmosphere, a
Boltzmann distribution can be maintained and thermodynamic equilibrium pre-
vails. If the relaxation time is long, as in the upper atmosphere, where col-
lisions are less frequent because of low pressures, a Boltzmann distribution
cannot be maintained. Under these conditions, when a photon is absorbed by
a molecule, it will be re-emitted (scattered) without passing into the kinematic
energy of translation, and a state of absence of local thermodynamic equil-
ibrium prevails. At these levels, the source function must be calculated
from considerations of molecular collisions and radiative transitions.
Radiative Lifetime and Collisional Relaxation Rate
The radiative lifetime (0) of the 15_ vibration band of CO 2 is about 0.41 seconds.
It has been found, for the few molecules that have been measured, that it requires
on the order of 1 to 10 collisions to transfer a rotational quantum, while it takes
on the order of Z* = 103 to 106 collisions to transfer a vibrational quantum. The
larger numbers are indicated by the best theories available, but the theories are
exceedingly difficult (depending on exact structure of the specific colliding species
and have not been brought into exact consonance with the few measurements.
Fortunately for our problem, the measurements indicate fewer collisions
required, thus faster relaxation rates.
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The "vibrational relaxation time" is
k Z*
- , (15)
Z
where Z* is the required number of collisions, and Z is the number of colli-
sions per second, which is proportional to p/_T, and is tabulated versus
altitude in the Handbook of Geophysics (ref. 8).
The vibrational relaxation time for the 15_ CO2 band has been measured by
numerous researchers through ultrasonic dispersion or shock tube methods
[Griffith (ref. 9); Herzfeld and Litovitz (ref. i0); Lambert (ref. ii); Witteman
(ref. 12)]. When normalized to p = 1 arm and T = 273°K, the values vary from
-6 -5
4 x 10 to 2 x i0 seconds. After private discussions with C. Young of Univ.
of Michigan, L.D. Kaplan of JPL, and J. Gille of Florida State University,
the best recent values are believed to be close to i. 0 x 10 -5 seconds, at STP,
1010where Z = I. 15 x per second; thus Z* _i. i0 x 10 5 collision/relaxation.
The Non-Equilibrium Source Function
The horizon radiance synthesizer computes a solution to the equation of
radiative transfer in 15_ CO 2 vibration-rotation band:
dlv = nk v (-I,p+ Jr). (16)
ds
For horizon paths, both ends lying outside the atmosphere,
radiation I is computed from T
r
= - J
1.0
the outwelling
(17)
Here n is the CO2 number density, k v is the absorption coefficient per mole-
cule, s is the geometric path length, J_ is the "source function" for emission,
which depends on the population distribution of excited vibrational states, and
T V is the spectral transmittance.
At low altitudes, the molecular collision rate maintains a Boltzmann distribution
of molecules in vibration states in local thermodynamic equilibrium with the
rotational and translational energy. Here the source function must be the Planck
function By(T), by application of Kirchoff's Law.
Curtis and Goody (ref. 13) showed that the appropriate source function for the
combined effect of collisional and radiative excitation has the form
j_ _ @ By + k F (18)
@+k @+l v
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where
f de _d_nk I
F_ = _ _ , (19)
4 fdvnkv
where F9 is the source function for incoherent scattering, n is the CO 2 number
density at the considered altitude, kv is the absorption coefficient per mole-
cule, and d¢ is a small incremental solid angle. The radiative lifetime and
the vibrational relaxation time enter the expression as O and rr, respectively.
If 0<<k in the steady state, all this energy is re-emitted spontaneously and
isotropically; none is transferred by collision to translation.
The solution of Equations (16), (17), and (18) for the source function J_
becomes a very difficult problem in finding a self-consistent Jv ; that is, J_)
determines I by (16), but by (18) and (17) Iv determines J_). Curtis and Goody
(ref. 13) solved this problem by a method of successive approximations, utiliz-
ing a method of determining the net heating rate as a function of J_. Young
(ref. 14) has also obtained a solution for J based on direct integration of (18).
His figure comparing these results is reproduced here as Figure i0.
In Young's method the first term of (17) was found to be dominant from 60 to 90
kin. This leads to a very simple expression for the correction of the radiance
program
O B v d q',_ (20)
However, the results of Curtis and Goody (ref. 13) are not consistent with this
conclusion, unless the Valueof k is dividedby 10. The results of Curtis and
Goody for the source function seem to lead to more realistic values for the
heating rates versus altitude and this would, therefore, be preferred here.
Conclusions
The current state of knowledge concerning experimental and theoretical values
of k, the vibrational relaxation time, and the consequent non-equilibrium source
functions, does not permit a conclusive result regarding the magnitude of the
effects of absence of local thermodynamic equilibrium. Bounds can be placed
which give the lowest possible value of the non-equilibrium source function by
choosing, from the reasonable values of k, a large one. A preferable procedure
is the choice of a value of k which leads to results known to be realistic.
The non-equilibrium source function found by Curtis and Goody (ref. 13),
Figure 10, is one which has stood the test of time. It, furthermore, leads
to realistic values of the net atmospheric heating ratc; this cannot be said of
the curve due to Young (ref. 14), which is also shown in Figure 10.
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Consequently, the value adopted for the vibrational relaxation time, 1, is one
which leads to an equilibrium source function of the form
@
J_ = @ +-----_ B v, (21)
whose values are similar to those of Curtis and Goody (ref. 13). The value of
X(STP) at standard conditions of temperature and pressure is thus taken as
X(STP) = 1.0 x 10 -6 sec, even though the experimental values of (STP) for
CO 2 - N 2 collisions are as large as 1.0 x 10-5 seconds. The value of X used
in Equation (20) then becomes
k(Ti, pi) = X(STP)
with
2 PO Ti+ Ti+ 1
IPi Pi+ 2 T O
(22)
p = 1 atm and T = 273°K.
O O
The consequences of this choice on the horizon profile calculated from the 1962
standard atmosphere is shown in Figure 11.
REFRACTION
In computing the radiance for a given tangent height, h, the effect of
atmospheric refraction is considered. The inclusion of this effect will cause
the path of a beam of radiant energy to deflect from a straight line, s, the
path for a refractionless atmosphere, (see Figure 12), to the path, s', thereby
changing the transmittance of the path from T(s) to 1"(s'). The method for com-
puting the path, s', is described below.
To compute the exact path for a refracted beam of radiant energy, the index
of refraction of air, % which is a function of temperature and pressure (Campen,
Cunningham, and Kessler (ref. 15)), would have to be given in analytic form.
However, knowledge of the pressure and temperature in the atmosphere is
restricted to a finite array of points, (Pi, Ti), at the altitudes, (zi), as shown
in Figure 12, and thus an approximatemethod for computing s' is used.
The atmosphere is divided into a set of n concentric spheres at the altitudes,
(zi), whose pressures and temperatures are (pi) and (Ti), respectively, and
the pressure and temperature at the surface are Pn+l and Tn+ 1, respectively.
Within the shell bounded by two adjacent spheres {the i th shell), the index of
refraction of air, 0, changes from _(Pi, Ti)to _{Pi+l, Ti+l)' where
_(Pi' Ti) = 1 + _cpi , (23)
T.
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where
c = 77.526 x 10 -6 OK mb -1
(Campen, et s/. (ref. 15). This change is negligible compared to the over-
all change in,from 90 km, (Zl), to the surface of the earth. Thus, for the i th
shell (i = 1, 2, ..., n), the index of refraction is assumed to be constant and
equal to
+
Pi+l /
2
The path s' thus consists of the set of elemental segments (AS'l), (i = 1, 2,
•.., j) as shown in Figure 12. The path, s', can either completely traverse a
shell as the elemental segment, Asi, (i = 1, 2, ..., j-l) or partially traverse
a shell, as the elemental segment hsj.
To compute the length As' i use is made of Snell's law of refraction and the
law of sines for the triangle POQ in Figure 12:
¢ i-I . sin 8 (25)_i-i sin = T]I
and,
sin 8 sin (_-¢P)
= (26)
(Re + z) (Re + zi)
where the angles ¢i-1, 8, ¢i-1 -< ¢--<¢i, and the altitude, z i < z <_ zi_ 1 are
shown in Figure 12, and Re is the radius of the Earth. Eliminating sin 9 from
Equations (25) and (26) yields,
(Re +z)E i sin_O = (Re + zi)D i-i sin¢i-I (27)
By induction, and with the assumption that _ = 1 beyond 90 kin, the following
equation is obtained:
(Re + z)_ i sin %o= (Re + z i) sin ¢o
(Re + Zl)(Re + h)
,W.
(Re + z 1)
- Re + h, (28)
for zi+ 1_< z_< z i and ¢i-1 < %o--<¢_.
By integrating the equat ion.
Z.
fl
zi+ 1
sec %odz, (29)
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where see _ is eliminated with Equation (28), the following is obtained:
hsi. =__1 i(Re + z)2_ 2 _ (Re + h) 2
1
Zo
1
zi+ I
(30)
(i = i, 2, ..., j-l)
To compute Asj v, the distance, R, is computed between the center of the Earth
and the point on s v closest to the surface of the Earth, by Equation (28) where
sin _o= i. Thus
R - Re + h (31)
From the right triangle, ORT, from Figure 12,
' = 2_(Re+ z )2 _ R 2 (32)
asj j
Therefore, the length of the refracted path, s', from 90 km to a given shell is
computed as a sum of the elemental segments, A s.' up to that shell. The
length, Asi', is computed by Equation (30), or (32) from the following criterion.
If the path traverses the entire shell, the largest zenith angle within that
shell is less than 90 degrees, and thus from Equation (28),
Re+h
< 1 (33)
(Re + Zi+l)_j
for the ithshell, i = 1, 2,
length, 5 s i. The one exception to the use of Equation (30) for computing the
length, _ si', is where the path, s', does not traverse the entire shell, (i = j),
•.., j-l), and Equation (30) is used to compute the
as
Re+h
> 1,
(Re + Zj+l)_ j
(34)
and Equation (32) is thus used.
The degree of deflection of the refracted path, s', from the unrefracted path, s,
can be seen from the difference between the tangent height, h, and the altitude,
h _, of the pointon s' closest to theEarth's surface, given by the
= R - Re (35)
Table 8 lists this difference, (h - lq), for the tangent heights, h = 2 km, 5 km,
10 km, 15 km, 20 kin, 30 kin, and 40 kin. There is a negligible dift erence
between s' and s above the tangent height, h = 40 kin. Figure 13 is a graph of
the difference, (h - 1_), versus tangent height.
38
8I
16
14
12
8
6
0
0 5 I0 15 20 25 30 _5
Tangent beightt h, km
4O
Figure 13. Difference (h-h ') between the Tangent Height, h,
and the Altitude, h', of the Point on the Refracted
Path, S i, Nearest the Earthts Surface, as a
Function of the Tangent Height h
39
TABLE 8.- ALTITUDE, h', OF THE POINT ON THE PATH, s', NEAREST
THE EARTH' S SURFACE, AND THE DIFFERENCE, (h-h'),
BETWEEN THE TANGENT HEIGHT, h, AND h' (1962 STANDARD
ATMOSPHERE TEMPERATURE PROFILE }
h, km 1_,km h-l_, km
2
5
10
15
2O
30
4O
0.34
3.82
9.38
14.70
19.87
29.97
39.99
i. 66
1.18
O. 62
0.30
0.13
0.03
0.01
WEIGHTING FUNCTIONS
Weighting functions are useful in the interpretation of horizon radiance profile
calculations and in spectral analyses to select the best range of spectral inte-
gration for horizon uniformity. They provide the most accurate information
about the atmospheric altitude ranges which contribute relatively large or
small amounts of energy to the horizon radiance profile. The definition,
interpretation, and general properties of these functions, as applied to the
atmospheric radiance within the 600 crn -I to 725 cm -I spectral range, is
discussed below.
The weighting function of the radiative transfer equation as applied to horizon
profile synthesis, is the derivative with respect to altitude of the coefficient of
the Planck blackbody source function, integrated over the spectral region of
interest.
Thus, from the radiative transfer equation, Equation (1}, the weighting function
may be written as
_2
t"
W (_, z) =Y dT_)
_i d z
d_). (36}
A study of the variation of the weighting function along the path of integration
and the distribution of the weighting function with height in the atmosphere for
different tangent heights of view gives insight into the horizon radiance problem.
"-_*'*-- f, mr tion with height gives an indication of the relativeA plot of the w_l_,,_ .....
contribution by each level in the atmosphere to the emitted radiance for a given
tangent height of view. Figure 14 is an example of such a plot.
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It should be noted first that for tangent heights greater than zero, the weighting
function may have two values. From Figure 12 it is evident that the earth's
curvature causes the same atmospheric altitude to be reached twice during the
integration for all positive tangent heights. Consequently, the weighting func-
tions for positive tangent heights are double valued.
Looking, for example, at the curve for a tangent height of zero km in Figure 14,
it is noted that the magnitude of the weighting function reaches a value of zero at
an altitude of about four kin. For altitudes of four km or less,the radiative con-
tribution is very small for the zero tangent height. For tangent heights of -15
and -30 km the total optical path is shorter so the weighting function is non-
zero almost to the earth's surface; there is less of the absorbing gas along the
path of integration.
The interpretation of these results shows that the larger optical path for the
zero km tangent height produces optical opacity at a higher atmospheric altitude
than does the more direct geometrical path followed by the -15 and -30 km
tangent heights.
Hence, any meteorological variable below four km could not affect the radiance
at the zero km tangent height but could have some small effect on the -15 and -30
km tangent heights.
Consider the general character of the weighting function curves. The weighting
functions are sharply peaked at tangent heights of 20 km and above and tend to
broaden out for lower tangent heights. An explanation of this result can be
provided by considering the characteristics of the transmittance function with CO 2
optical path length and pressure. The transmittance of the atmosphere decreases
with increasing optical path length and pressure, and this decrease is principally
a non-linear function of path length. As the tangent height decreases, the
transmittance function also decreases because both the optical path length and
pressure are increasing. There is a certain range in the optical path length of
CO2 where the change in the transmittance function is largest per unit change in
path length. The weighting function takes on its maximum values at those
atmospheric altitudes over which this range of optical path length is encountered.
The maximum value of the weighting functions occurs at a tangent height of about
30 km in the Earth's atmosphere, as is shown by a comparison of the curves in
Figure 14.
At tangent heights below 30 kin, the weighting function tends to broaden out and
decrease somewhat in amplitude. Even though the optical path length is rapidly
increasing for tangent heights from 20 km to 0 kin, the change in transmittance
with optical path length is approaching zero even more rapidly. The peak values
of the weighting functions decrease only slightly once opacity is reached and tend
to shift downward with decreasing tangent height. These two changes are
correlated with the angle of view with respect to the atmosphere and are not
irlimate]y related to the total optical path length, as is the case for tangent
heights at 30 km and above.
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The weighting functions indicate graphically the origin of the radiation at
a given tangent height. It is immediately evident in Figure 14 that the radiant
energy for tangent heights above 20 km comes from rather narrow regions of
the atmosphere. In other words, a great majority of the radiant energy comes
from the first five kilometers above the tangent height level. Conversely, the
radiant energy for tangent heights at 20 km and below comes from rather broad
regions in the atmosphere.
C ONC LUSIONS
The theoretical aspects of horizon radiance modeling have been analyzed and
put forth in more detail than has been done to date. Most significant in these
studies are the extension of carbon dioxide atmospheric transmittance data to
the lower pressure - longer optical path region required for horizon radiance
modeling, and the quantification of the effects of Doppler broadening and the
absence of local thermodynamic equilibrium.
All available transmittance data were analyzed and a mathematical fitting of
the data was performed resulting in a simple curve fit whose coefficients
account for variations in pressure, temperature, and optical path length.
The effects of Doppler broadening and the absence of local thermodynamic
equilibrium were shown to be small and compensating. This compensation
comes from an increase in the calculate'd radiance due to Doppler broadening
and a decrease due to LTE. However, the altitude at which these effects occur
and the relative magnitude of the effects are shown in detail.
In the 15_ carbon dioxide band, the weighting function analyses show from what
level in the atmosphere the majority of the radiance is emitted. It is shown
that, for low and negative tangent heights, the peak of the radiant energy level
remains constant at about 25 km altitude.
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COMPUTATIONAL MODEL
Many auxiliary analyses were conducted to reduce the complex mathematical
descriptions of the atmosphere to a numerical model for the synthesis of
radiance profiles. The closed form integral description of the radiative transfer
equation must be rewritten in a form suitable for numerical computation.
Attendant studies to define an atmospheric model compatible with numerical
techniques and studies to determine the accuracy of these techniques were
performed.
A secondary consideration was the numerical computation time required to
convert a temperature-altitude profile into an equivalent horizon radiance-
altitude profile. Analysis was performed to determine an accurate represen-
tation of the physics involved consistent with computational efficiency. In all
cases, accuracy of the physical representation took precedence over any con-
sideration of computational efficiency.
The studies consisted of determining the numerical integration form of the
radiative transfer equation, numerical evaluation of the weighting function,
analyses to determine the atmospheric temperature-altitude model, tangent
height resolution, and numerical integration stop criterion. A description of
these analyses and the results of each are presented.
NUMERICAL EVALUATION OF THE RADIATION EQUATION
To compute the radiance at each tangent height, a numerical analog to the
mathematical model developed above must be selected. A brief restatement
of the mathematical model will be given as a beginning point for this numerical
analysis.
Each tangent height determines a path of integration as shown in Figure 12.
The geometrical path length, s, is measured along this path. Three func-
tions of s, the CO 2 optical depth, u(s}, the effective pressure, _(s}, and
the effective temperature, T(s} are computed using the following:
_o s To
_.(s) = c(s) p(s) ds, (37)
Po T(s)
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u(s)
1 o
Pofo u(s)
p(u) du
du
(38)
U(S) T_) du
1 o
T(s) -
Po f: (s) du
where c(s) is the mixing ratio of CO2,
temperature at STP, and p(s) and T(s)
at each value of s.
(39)
Po and T o are the pressure and
are the pressure and temperature
Next, the CO 2 transmittance, _v(s), is computed for each spectral subinter-
val A_) at each value of s. The value of _v(s) is found from tables depending
on _), the midpoint of the subinterval A_), and on u(s), _(s), and T(s).
Finally, the radiance, N(h, _)), at the tangent height h and corresponding to the
spectral subinterval _; is found using
_1 T°= + J (To, _) T (40)N(h, _)) J(T, v) dT w, o
where J(T, _) is the radiative source function, _ o is the total atmospheric
transmittance, and T o is the temperature of any blackbody which terminates
the path of integration at the point where _ = _ .
V M,O
The radiance, N(h), corresponding to the complete spectral interval is com-
puted using
2N(h) = N(h, _) dr. (41)
1
To formulate a numerical analog to this mathematical model, two basic
problems must be considered. First, an efficient but accurate way of approxi-
mating the integrals in Equations (37), (38), (39), (40), and (41) must be found.
Second, a method for storing the transmittance tables must be developed so as
to make practical the vast amount of tabular material required.
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To use this method, the atmosphere is divided into n concentric shells. Let
= 0 denote the altitudes (kin) of these shells. The> zZl>Z2 >''" >Zn n+l
temperature and pressure must be given at each of these altitudes. Denote
these values byT 1, T 2, ..., Tn+ 1 andPl, 12 ..... Pn+l"
For each tangent height, the path length s i to the point where the scan line
enters the ith shell can be computed.
Therefore, for a given tangent height, the path length with the ith shell, Asi,
can be found. Then the values of u, T, and, _ at the ith shell are compu-
ted using
i c(sj) + c(sj+l) p(sj) + p(sj+ I) T o
• = T asj,
u i j = 1 2 Po T(sj) + T(sj+ I)
(42)
i7, P(s3) + p(sj+2) Auj
-- 1 j=l 2
Pi = (43)
Po i
j=l
i T(sj) + T(sj+ 1) Au j7
y. = j = 1 2 (44)
1 i
z
j=l
where Auj = uj+ 1 - uj. The equations (42), (43), and (44) are the numerical
analogs to the Equations (37), (38), and (39).
The numerical analogs of Equations (40) and (41) are
N(h, Vk) = J 2 ' '_k ATv k + J (To'Vk) TO' (45)
i= 1 i
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and
N(h) = 7, N(h, _k ) A_k, (46)
k=l
where (A_k) i is the change in VVk across the ith shell, m is the total
number of shells traversed by the scan line corresponding to the tangent
height h, _ is the number of spectral subintervals, and Avk is the length
of the kth spectral subinterval.
The second basic problem in the numerical model for radiance profile syn-
thesis is the storage and use of the transmittance tables. The tables for the
calculation of T (s) are four dimensional since _(s) depends on u(s), p(s),
T(s), and v. These tables were replaced with a single expression involving
eight coefficients which depend only on v. The expression is
Tv (s) = exp (-expy_(s)) (47)
where
yv(s) Co(_) + Cl(V) in (u(s) p(s)) + c2(v) in 2 (u(s) p(s)) (48)
+ c3(v) in 3 (u(s) p(s)) +[ al(_) + b 2 iv) In Ca(s) p(s))] IT(s) - 250]
+[ a2(_) + b2(9) in (u(s) p(s)) ] (T2(s) - 62 500).
With this expression, only the values of the eight coefficients for each spectral
subinterval must be stored in the computer. It is estimated that use of the
expression (48) reduces the computer time required to obtain a radiance pro-
file by more than 50 percent.
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NUMERICAL EVALUATION OF WEIGHTING FUNCTIONS
Given a tangent height, the value of the weighting function for the i th shell and
kth spectral subinterval is
(_¢_k) i (49,
Wik--
Z i - Zi+ 1
where (A_vk) i is the change in TVk across the ith shell. The weighting
function for the ith shell for the complete spectral interval is
Wik AVk
k=l
W. = (50)
E A,ok
k=l
Note that the weighting function is only defined for those shells through which
the scan line corresponding to the given tangent height passes.
NUMERICA L ANA LYSIS EX PERIMENTS
Since the computer program must calculate horizon radiance profiles for at
least one thousand atmospheric profiles, it is important that the program
have maximum efficiency. The computational model was organized in a
manner such that redundant calculations were held to a minimum. Curve
fitting techniques were developed which accurately approximate the trans-
mittance tables for carbon dioxide. The coefficients of these curve fits
require much less storage space in the computer than the tables themselves,
and the time to calculate an individual transmittance using the coefficients
is faster than the corresponding table look-up routine.
In keeping with the objective of computational efficiency, a number of deci-
sions regarding the setting of intervals and constants in the computer pro-
gram were based on numerical experimentation to determine the validity of
results based on these decisions. In particular, a decision was required on
the proper number of shells used in the model of the atmosphere. The resolu-
tion must accurately reflect the effect of all significant atmospheric anomalies
on the horizon profile; increased resolution beyond this point does not increase
the accuracy, and therefore, unnecessarily increases the computation time.
Similarly, the numbers and distribution of tangeni heights, for which a radiance
value is calculated, must be sufficient to resolve variations which can occur.
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Finally, integration through a high-density region of the atmosphere will pro-
vide little or no contribution to the horizon radiance beyond the point at which
the total atmospheric transmittance approaches zero. The selection of a suit-
able criterion upon which to base a decision to stop integrating is the object of
the final experiment in numerical analysis.
The experiments and their results are described in the ensuing discussions.
Shell Structure Studies
The number of shells used in radiance profile calculations was minimized
without sacrificing computational accuracy while providing efficient computer
utilization. Based on the results of the shell structure studies, approximately
65 atmospheric shells were used in the radiance profile calculations, the exact
number being dependent on the altitude of the 10 mb level. The result is based
on radiance profile calculations using atmospheric models of 29, 58, 116, and
203 shells. As the temperature data was supplied to the horizon profile synthe-
sis task, it consisted of temperatures at the altitude of the 850, 700, 500, 300,
200, 100, 50, 30, and 10 mb levels and, thereafter, at 3 km intervals beginning
at the first integer multiple of three above the altitude of the 10 mb level.
In the case of the 29 shell atmospheric model, the altitude of each temperature
as provided was taken as a shell boundary. To obtain the 58 shell model, the
temperature of a new shell boundary, midway between each of the existing ones,
was established by linear interpolation: Similarly, for the 116 and 203 shell
models, three and six shell boundaries were placed between each of the
originals to construct four and seven shells, respectively, from each of the
original 29. Accurate representation of the atmospheric structure requires a
higher shell density below the 10 mb level than above. Thus, three shells
were constructed from each of the original nine below the 10 mb level, and
two were constructed from each shell above the 10 mb level. This results in
a total of 67 shells for the atmospheric model used in the profile synthesis
portion of the study.
During the process of developing an operational computer program for profile
synthesis, a number of trial runs were completed using experimental data
from the Air Force Cambridge Research Laboratory (AFCRL) supplementary
atmospheres, published by Cole and Kantor (ref. 16). This data was used for
preliminary experimental purposes before the primary body of data was avail-
able for analysis purposes. Review of the results with this data showed that
the tropical atmosphere typically provided the most unusual properties in the
horizon profile. A relative minimum in the horizon profile curve at about
17 km was attributed to the well defined tropopause at that altitude and to the
absence of an extensive isothermal stratosphere.
Consequently, the study determining the proper shell structure was completed
in two steps.
The first step made use of the 1962 standard atmosphere represented as
atmospheric shell models composed of 29, 58, 116, and 203 shells. These
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shell numbers are obtained by inserting with linear interpolation, one, two,
four, and seven shell boundaries between each data point supplied as basic
input data. Resulting differences in radiance were less than 1/2 percent at
all tangent heights. Consequently, this test was considered inconclusive in
the lower regions of the atmosphere.
The second step was to construct artificial data which would be used to provide
an indication of the shell structure required to properly resolve the effects of
extreme tropopause conditions such as observed in tropical atmospheres.
For this purpose the standard atmosphere was modified in the region of the
stratosphere to produce situations gradually approaching the extreme tropical
case. The data variations to this standard atmosphere are illustrated in
Figure 15. For the standard atmosphere and each variation, the horizon pro-
files from -30 km to +35 km were again calculated for the 29, 58, 116, and 203
shell models. Above this range the variations introduced can have no effect.
Results. -- Figures 16 through 19 show the results of the definitive shell
study. Only the tangent heights below 35 km are studied here, since the pre-
viously mentioned results preclude the need for examining here the shell struc-
ture in the region well above the stratosphere. An upper-atmosphere shell
density corresponding to a 29 shell (uniformly distributed) model was found to
be sufficient to resolve the profile for the lapse rates and temperature inver-
sions found in the 1962 Standard Atmosphere. Because the profiles in the body
of data occasionally show temperature inversions stronger than found in the
standard atmosphere, and to avoid a large discontinuity with altitude in the
shell density, one additional shell boundary was placed between each data point.
This leads to a shell density in the upper atmosphere equivalent to 58 evenly
distributed shells in the entire atmosphere.
In the figures presented, notice that the 29 shell models give a result signifi-
cantly different from the other models in every case and subsequently provide
insufficient resolution for altitudes below approximately 30 kin. This is due
to the large vertical distance separating the adjacent data points at 30 mb and
i0 rob. In Figure 15, heavy points are shown at the altitude of the 850, 700,
500, 300, 200, i00, 50, 30, and i0 mb levels. Temperatures were supplied
at these levels in the body of input data. Note the large vertical separation
between 30 and I0 rob.
The temperature is changing rapidly with altitude over this region for all of
the atmospheric variations, while it is changing more slowly in the standard
atmosphere. Because of this, a larger error is introduced by using the aver-
age temperature for the whole shell in the variations than in the standard at-
mosphere.
As successive variations cool the region below this shell, the radiance level
is decreased and the effect of the thick shell is camouflaged, although it does
noL dmnge in any way. T_._=¢_n_ _hp n11rnber of shells by inserting one and
three interpolated points between the 30 mb and I0 mb levels splits this shell
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into two and four shells, respectively. This corresponds to total shell densities
of 58 and 116. A different average temperature is then used for each of these
smaller shells, and the curve is properly smoothed.
Consequently, a shell density of 87, corresponding to two interpolated points
between each original shell boundary, was selected for the region below 10 mb.
This decision and the earlier one, for a total shell density of 58 above 10 rob,
lead to the net shell distribution described.
Tangent Height Resolution
As with the atmospheric shell model, the number of tangent heights at which
radiance is calculated must be selected to prevent suppression of any perturba-
tion in the profile caused by atmospheric phenomena or anomalies. Care was
taken in selecting the atmospheric shell model to be certain that the calculation
was capable of providing adequate resolution to the input data; this is the parallel
step to be certain that the same resolution is given to the output data. A
secondary criterion in the selection of tangent-height resolution was to mini-
mize the number of tangent heights while maintaining the required resolution.
This criterion was imposed to allow efficient use of the computer in the calcula-
tion of the 1085 radiance profiles.
The study was conducted by constructing temperature profiles containing
anomalies of larger magnitude than expected in the actual input data and then
determining the smallest tangent height'resolution required to demonstrate
the effects of those anomalies on the radiance profile. Results showed that
the anomalies in the input produced significant perturbations in the radiance
profile over a tangent-height range of from above 10 km to below 40 km and
that a resolution of 1 km is required to produce and display the perturbations.
Consequently, in order to bracket this region of tangent heights, a resolution
of 1 km over a range of tangent heights from 0 to 50 km was selected. Out-
side this range, input anomalies caused less severe perturbations; thus, a
larger resolution could be used, as shown below.
Tangent-Height Range (kin) Re solution (km)
-30 to -10 5
-10 to 0 2
0 to 50 1
50 to 60 2
60 to 80 5
Results. -- Preliminary analysis showed that the most pronounced per-
turbations in the radiance profile were caused by tropopause anomalies,
notably by the low tropopause temperatures exhibited by tropical atmospheres.
To study the effects, isothermal atmospheres, with a tropical-type cold
tropopause at various altitudes, were constructed to serve as input data.
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Although the tropical tropopause occurs at altitudes of approximately 10 to 20
kin, the altitudes at which tropopause-type anomalies were inserted into the
isothermal atmospheres were varied from 10 km to 40 km as shown in
Figures 20 through 23, in order to conservatively estimate higher altitude
perturbations.
The shape of the anomaly was determined by utilizing the adiabatic lapse rate,
which describes the maximum rate at which temperatures decrease with
increasing altitude. This ensures that the anomaly used in the sharpest anomaly
which could occur in nature.
Using the anomalous isothermal atmospheres, horizon radiance profiles were
calculated for two different spectral regions, 615 cm "1 to 715 cm-1, which
was used for data requirements determ;nation, and 600 cm-1 to 725 cm-1 for
comparison. The results are shown in Figure 24 in which the perturbations
are shown in terms of normalized radiance for illustration and in Figures 25
through 28 which show all profiles calculated.
Pronounced effects occur at tangent heights of 20 km and 30 km, compared to
the small effect at 40 km and the almost negligible effect at 10 km. Figure 29
shows the 30 km perturbation plotted with three different resolutions; 1 kin,
2 kin, and 4 km. The largest resolution suppresses the perturbation, the 2 km
resolution displays some structure, but the 1 km resolution provides the detail
structure necessary to adequately display the effects. Therefore, a 1 km
resolution was selected to be used in this region. Even though the perturba-
tions at 10 and 40 km are smaller than at 20 and 30 kin, the 1 km resolution
was extended to cover the tangent height range of from 0 to 50 km to en-
compass completely the region in which the radiance profiles are affected.
Below zero tangent height, atmospheric anomalies of the type used here cause
negligible perturbations in the profile since low tangent heights contribute
only a small incremental radiance because of the high absorption of the atmos-
phere above zero tangent height. Thus, a larger resolution was selected to be
used at negative tangent heights.
Above 50 kin, each atmospheric shell contributes only slightly to total radiance
so that temperature anomalies existing over a small number of shells produce
negligible effects. Thus, a larger resolution was selected to be used above 50 kin.
Integration Stop Criterion
The subject of the final experiment in numerical analysis is the selection of a
suitable criterion for terminating the integration of the radiative transfer
equation as the contributions to the total radiance become negligible. Since
the contribution of any shell, or integration step, is proportional to the
change in transmittance over the interval on the path of integration, a
criterion was developed based on the value of the transmittance. The trans-
mittance can only decrease along the path of integration, and its minimum
value is zero. Consequently, when the value of the transmittance becomes
sufficiently close to zero, the integration may be terminated without changing
the results.
The total contribution of atmospheric shells beyond the point at which the inte-
gration was stopped may be estimated. An upper limit on its magnitude will
be given by the average value of the source function in the neglected shells
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times the maximum possible change in transmittance over those shells.
average value of the source function will not be very different from its value
in the shells used. The change in transmittance cannot be larger than the
value of transmittance at which the integration is terminated.
If the integration is terminated at a value of transmittance _s, then the
radiance calculated for the shells considered will be approximately
M = Bay (1 - Ts). (51)
The neglected contribution will be approximately
(52)
= Bay s"
Hence, percentage error will be about
A M- _x 100 _ 100 _ (53)
M+_ s"
Physical effects resulting in rather small changes in the radiance profile,
namely, Doppler broadening and the absence of local thermodynamic equili-
brium are considered in the calculation. For this reason it was decided to
restrict the error due to integration stopping to less than one-tenth of one
percent. This was achieved by requiring that the relationship
_s = _ _ < "10-3
i=l AVi
be satisfied as the integration stop criterion. The integration continues until
the sum of the transmittance in the ten spectral intervals, or the tau-sum,
is less than 10 -3 .
T S ,
The precise effect of this measure is examined in two ways. The number of
shells actually encountered at each tangent height, using a typical climatolo-
gical data profile for values of the tau-sum criterion from 0 to 10 -1, is illus-
trated in Figure 30. A sharp increase is noted in the number of shells en-
countered for slightly positive tangent heights. With refraction included, it is
at this point that the ray path ceases to intersect the Earth's surface. With a
zero value for the tau-sum criterion, the ray path passes not only through the
incoming side of the atmosphere but continues on through each of the shells
again on the outgoing side. For the zero value of the tau-sum criterion, the
integration is completed and all shells are used. The number of shells de-
creases as indicated when the value of the tau-sum criterion is increased.
The error thus introduced in the total radiance is confined to tangent heights
below 15 km.
The percentage decreases in radiance as a function of the value of the tau-
sum is given in Figure 31 at tangent heights of -30, -15, 0, and 5 kin. As
expected, the error introduced by the tau-sum criterion of 10 -3 is safely less
than 0.1 percent. That the error is a factor of ten smaller than the estimated
upper limit is due to the manner in which the criterion was applied. The
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sum of the transmittance in each spectral interval was checked instead of
each transmittance. This means that, on the average, the transmittance
must become about a factor of ten smaller before the integration is terminated,
thus reducing the error.
C ONC LUSIONS
A complete analysis of the computational aspects of horizon radiance profile
synthesis has resulted in an optimum computer program for this work. The
integrable form of the basic radiance equation, use of curve fitting for trans-
mittance data, and the number of atmosphere shells and tangent heights have
all been accomplished. These studies allow the efficient computation of hori-
zon radiance profiles with the assurance that no resolution of the data is sac-
rificed. It should be pointed out, however, that the data presented in this
section used CO 2 as the only absorbing gas in the atmosphere. A more com-
plete program, embodying all the optimization presented here and including
ozone and water vapor as secondary absorbers, is presented in a later sec-
tion of this report.
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SPECTRAL ANALYSIS STUDIES
The objective of the 15_ CO2 band spectral interval study was to determine
those spectral intervals within the band that enhance horizon definition and
those that cause a deterioration in horizon definition. An analysis with selected
climatological horizon radiance profiles, combined with instrument signal-to-
noise considerations, leads to the selection of an optimum integrated band for
horizon definition.
Following the specification of the total carbon dioxide spectral region to be con-
sidered and the recommendation for division of this region, extensive analyses
were conducted to determine the variations in each of the spectral interval
radiance profiles caused by the space and time variations over the surface
of the earth. Analyses of these variations contribute to a complete understand-
ing of the profile variations for the total spectral interval and to the final selec-
tion of a spectral band on which to base data requirements.
As discussed in the section on atmospheric physics, the selection of spectral
intervals within the 600 cm -I to 725 em -1 band was based on the physical
similarity of absorption properties in the intervals within the total band.
Since the transmissivity data are represented as functions of wave number
rather than wave length, consistent discussion of the spectral interval in wave
numbers was maintained throughout the study.
For ease of reference in the following discussions, the individual spectral
intervals and their reference spectral number are given in Table 9.
TABLE 9.- FIFTEEN MICRON CARBON DIOXIDE ABSORPTION BAND
SPECTRAL RESOLUTION
Number
1
2
3
4
5
6
7
8
9
i0
-i
am
600 - 615
615 - 625
625 - 635
635 - 645
645 - 665
665 - 670
670 - 690
690 - 705
705 - 715
715 - 725
Spectral interval
Microns
16.67 - 16.28
16.28 - 16.00
16.00 - 15.76
15.76 - 15.50
15.50 - 15.04
15.04 - 14.91
14.91 - 14.50
14.50 - 14.19
14.19 - 14.00
14.00 - 13.80
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The basic data used in these studies consisted of twenty climatological profiles
reflecting seasonal and latitudinal changes of atmospheric characteristics, and
the 1962 standard atmosphere in the case of the weighting functions.
These twenty profiles selected for the spectral analysis studies represent the
typical space and time variations within the total body of data. The profiles are
representative of January, April, July, and October at North latitudes of 20% 30°,
45 °, 60 °, and 75 °. Figures 32 - 35 show the temperature structure of each of
the profiles selected for the study. Each figure presents the climatological
temperature-altitude profile for each of the four different months.
The studies included the calculation of horizon radiance profiles, weighting
functions, and analysis of the effects of water vapor and ozone for each of the
ten basic spectral intervals to determine completely the horizon variability
within any given spectral interval and the total spectral region.
Based on these results, the radiance profiles for individual spectral intervals
were summed in the combinations suggested to develop a final recommendation
for the total range of spectral integration of the 15 micron horizon radiance
profile. The effects of clouds were compared for the recommended spectral
range and the total range considered.
SPECTRAL RADIANCE PROFILES
To encompass all the variables of time and space into the spectral radiance
study, the temperature profiles shown in Figures 32 - 35 were chosen.
Radiance profiles were computed for each of the ten spectral intervals between
600 and 725 cm -1. The objective of these analyses was to provide a compre-
hensive study of the time and space variations on each of the spectral profiles,
thereby leading to a basis for selecting the final total interval to be analyzed.
Figure 36 is an example of the spectral radiance profiles for each of the ten
intervals for each latitude and time chosen for the case 600 to 615 cm -1.
The complete set is contained in Figures D1 through D40 of Appendix D. As
is evidenced in the figures, each of the ten spectral intervals exhibit different
profile characteristics, reflecting the difference not only in the temporal-
spectral variation but also in the individual spectral sense.
The strongest absorption band in the total carbon dioxide absorption band is
the Q branch between 665-670 cm -1. Within this band, pronounced limb
brighting is observed under all spatial-temporal conditions. As the spectral
range is incrementally moved to the wings of the CO 2 band, less and less
limb brightening and less systematic variation in the profile as a function of
latitude of the temperature data is observed.
When the 600 to 615 cm -1 band is examined, for example, Figure 36, severe
limb darkening is observed. This is an indication that the energy being re-
ceived within this spectral interval is more sensitive to the higher temperature
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in the lower atmosphere than those spectral intervals more centered toward
the strongly absorbing intervals in the carbon dioxide band.
The data presented in Figures D1 through D40 present graphically the spatial-
temporal variations for each spectral interval. However, Figures D41
through D51 in Appendix D present the spectral variation for each spatial-
temporal temperature analyzed; Figure 37 is an example. Note in these fig-
ures the similarity of the spectral radiance profiles on either of the wings of
the carbon dioxide absorption band.
Curve number six on each of the figures, representing the center Q branch of
the 14-16p carbon dioxide band, provides a horizon profile of unique shape.
As the individual profiles are analyzed in pairs, incrementally removed from
this center branch, until the pair 2 and 10 are reached, the shaping and relative
magnitude of the pairs of bands are similar. In all cases, the spectral radiance
profile from the 600-615 cm -1 band exhibits an extreme limb darkening effect,
indicating that it is the most sensitive interval to the lower altitude regions.
To provide for quantitative evaluation of the spatial-temporal variability of
each of the spectral radiance profiles, two basic types of analyses were per-
formed on these data. In the first analysis, a figure of merit was defined and
evaluated for each spectral interval. This figure of merit is defined as:
Ijy(h) + Ija(h)
2 [Ijy(h) - Ija(h)]
where I is the radiance computed for the July temperature profile at 75 °JY
North latitude (Figure 34), Ija is the radiance computed for the January tem-
perature profile at 75 ° North latitude (Figure 32), and h is the tangent height.
The figure of merit combines two factors of importance to horizon definition:
1) the variability of radiance, represented by Ijy(h) - Ija(h) and 2) the aver-
I + Ija(h)
age radiance, represented by j_(h) The January and July profiles2
at 75°N are used in this analysis because examination of all climatological
radiance profiles reveals that these two represent the extremes and, thus,
can be used to obtain first estimates of average radiance. Variability of
radiance is desired because of instrumental considerations, and a low value
of variability is desired for accurate horizon definition. The figure of merit
combines both of these parameters in a single expression. (The inverse of
this expression is a measure of the relative variability of the radiance. )
In Figure 38 the figure of merit is shown for selected tangent heights as a
function of spectral interval. In general, the figure of merit is a maximum at
the center of the band and decreases outwards. There are exceptions, however.
For example, at a tangent height of 10 kin, the figure of merit is lowest at the
center of the band and increases outwards. The curve labelled average tangent
height represents the average figure of merit for each spectral interval based
upon the mean of the 20, 30, 40, and 50 km tangent height figures of merit.
This curve indicates that spectral interval 1 is better than spectral interval 2,
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and spectral interval i0 is better than spectral interval 9 in this analysis.
Thus, this analysis suggests that for an integrated band one should use the
central intervals - spectral intervals 3 through 8.
The second basic type of analysis emphasized the variability in horizon location
that would be obtained from the use of a fixed percentage of radiance concept on
the climatological radiance profiles. The tangent height at which the radiance
fell to 0.5 of its peak value was chosen. The average tangent height of this
radiance level was obtained for each channel and for the entire band by simply
averaging the heights obtained from the two extreme radiance profiles -
January, 75°N, and July, 75°N. This height is shown in Table i0. The central
channel, 665-670 cm -I, would have an average horizon at 49 km, while channel
i, 600-615 cm -I, would have an average horizon at 19 kin. In general, the
average horizon height decreases outwards from the center of the band. The
entire band, 600-725 cm -I, has an average horizon at 37 km. To reduce the
spectral variability, it is reasonable that when several intervals are combined,
each channel yields approximately the same horizon height. On this basis,
channels i, 9, and possibly 6 might be eliminated, since their average horizon
heights are outside the range of the horizon heights of the other channels.
Another factor of importance is the variability of the horizon height about its
average value. A measure of this variability is the range of the average
horizon height as determined from the difference between the horizon heights
obtained from the January, 75°N and the July, 75°N horizon radiance profiles.
This range for each of the channels and for the entire band is also shown in
Table I0. In general, the range is smallest at the center of the band and in-
creases outwards, although there are some exceptions. For horizon definition,
a reasonable suggestion is to combine those channels showing the smallest
variability in horizon height. On this basis, channels i0 and 2 might be
eliminated. Channel 6 is then, by far, the most stable channel. Combining
the results and variability of the average horizon height analysis channels 3
through 8 represent a good choice for an integrated band, with channels 2
through 9 and channels 1 through i0 representing second best choices. (It is
to be noted that in both this analysis and in the figure of merit analysis,
channel 6 is the one band to use if a single band is to be utilized. )
WEIGHTING FUNCTIONS
Knowledge of the spectral weighting functions within the carbon dioxide band
provides a determination of the precise region of the atmosphere which con-
tributes most significantly to the individual spectral radiance profiles.
Early experiments established that the behavior of weighting functions does not
significantly depend on the exact detail of the atmospheric temperature structure.
The physical justification for this is that the transmittance is not a strong func-
tion of temperature, and, consequently, the relative weighting functions for each
of the spectral intervals may be studied independently from the exact temperature
structure. For this reason, the 1962 Standard Atmosphere was used for the
calculation of the spectral weighting functions.
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TABLE i0.- AVERAGE HEIGHT AND RANGE OF AVERAGE HEIGHT AT
WHICH THE RADIANCE IS 0. 5 OF THE PEAK VALUE
Channel
1
2
3
4
5
6
7
8
9
10
Spectral tnterval
Average height
0.5 peak
radiance, km
600-615
615-625
625-635
635-645
645-665
665-670
670-690
690-705
705-715
715-725
19
31
30
36.5
40
49
40
34
25
31
Range of average
height,_
6
7.5
5.5
6
5.5
2.5
5
6.5
6.0
9.0
Entire band 600-725 37 6
Figures D52 through D61 in Appendix D'present the weighting functions deter-
mined for each of the ten spectral intervals. Nine tangent heights are presented
on each of the figures. Figure 39 provides an example. From these data, for
any particular spectral band and tangent height, the atmospheric altitudes con-
tributing most to the calculated radiance may be determined. These are
indicated by considering two properties of the weighting function curves:
1) the altitude at which the weighting function attains its maximum value,
2) the lower altitude at which its value returns nearly to zero.
Figures 40 and 41 illustrate this information for the zero tangent height path,
since this choice samples the entire atmosphere over the longest possible optical
path. From these figures, both the altitude for the peak of the weighting function
and the altitude at which the weighting function approaches zero are shown. A
steady decline in both peak function altitude and zero function altitude is evidenced
as the wings of the spectral region are approached.
Table 11 presents this same information, as well as the data for tangent heights
of 30 kin, 10 kin, and 20 kin, in tabular form. Any variation in the radiance
profile caused by atmospheric weather phenomena would be sensed by these
tangent height weighting functions.
One important effect to remember when analyzing the data presented in the
weighting function figures is that, for all cases, tangent heights shown above a
few kilometers do not intersect the earth and, therefore, traverse all the way
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through the atmosphere; hence, the refracted tangent height position is the
point of closest approach to the Earthts surface.
On the basis of the spectral weighting functions, it is evident that the spectral
intervals nearest the wings of the carbon dioxide spectral intervals are the
most affected by tropospheric phenomena. The many analysis studies, con-
ducted to determine the relative differences between the spectral weighting
functions and their effect on a total summed radiance profile, indicate that a
reduction in profile variability is effected by elimination of the far wing inter-
vals. This is particularly true of the spectral interval number one, 600 to 615
-i
cm , since the peak of the weighting function occurs at around ii kilometers
altitude. While spectral interval number ten peaks at 17 kilometers, its zero
transmittance altitude is only i. 5 kin, about one-half kilometer lower that that
of spectral interval number one.
TABLE ii.- WEIGHTING FUNCTION PROPERTIES FOR SELECTED
TANGENT HEIGHTS
Spectral
interval
-1600-615 cm
-1
615-625 cm
-1
625-635 cm
-1635-645 cm
Tang ent
height
km
-30
0
i0
20
-30
0
i0
20
-30
0
i0
20
-30
0
I0
20
Zero
weighting
function
altitude,
km
0.1
2.1
17.8
32.0
0.3
3.0
14.8
21.8
4.9
6.5
10.9
39.8
8.5
i0.0
11.1
28.9
Peak
weighting
function
altitude,
_ km
9.6
Ii.0
i0. i
20.1
17.2
17.3
17.4
20.4
17.3
17.3
17.3
20.2
21.0
21.1
23.0
20.2
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TABLE 1I. - WEIGHTING FUNCTION PROPERTIES FOR SELECTED
TANGENT HEIGHTS - Continued
Spe ctral
interval
-i645-665 cm
-i
665-670cm
-i670-690 cm
-1690-705 cm
-1
705-715 cm
-i715-725 cm
Tangent
height,
km
-30
0
i0
20
-30
0
i0
20
-30
0
I0
20
-30
0
i0
20
-30
0
i0
20
-30
0
10
20
Zero
weighting
func%ion
altitude,
krn
13.0
14.9
15.0
21.1
19.5
21.3
21.7
23.0
12.8
14.8
lh.O
21.3
6.1
8.5
10.8
30.9
3.0
5.0
2.9
35.0
0.4
1.5
16.1
31.9
Peak
weighting
function
altitude,
km
25.6
25.6
25.6
29.1
33.6
24.0
35.3
37.8
25.8
25.8
25.8
25.9
19.1
19.3
19.4
20.2
12.8
15.0
15.0
20.1
17.1
17.1
17.2
20.3
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EFFECTS OF OZONE AND WATER VAPOR
The spectral radiance profiles and weighting function studies were conducted,
using carbon dioxide absorptions only in the 600 to 725 cm-1 spectraI region.
-1
Besides absorption by carbon dioxide, the 600 to 725 cm region of the spec-
trum contains minor absorptions by water vapor and ozone. The water vapor
absorption is due to the edge of the rotationai water vapor band centered at
wave numbers iess than 600 cm-1 and to continuum absorption in the window
region. The ozone absorption is due to a weak absorption band centered near
-1 -1
710 cm with a peak at about 740 cm . This study evaIuated the effects of
these water vapor and ozone absorptions on horizon radiance profiles in the
15_ carbon dioxide band. However, no transmittance data for ozone and water
vapor exists with the resolution of the data used for carbon dioxide transmit-
-1
tance. For this reason the 600 to 725 cm spectral region was anaiyzed in
-1
five 25 cm bands to determine spectrally the effects of ozone and water
vapor. Also, this anaiysis was performed analyticaily rather than numericaIly
since the primary absorber considered in the study was carbon dioxide, and
the model development considered this absorber onIy.
The radiance in the 15_ CO2 band at a tangent height, h, greater than zero can
be written, to a reasonable approximation, as
f /I (h) = _ h B(T) dT= - B(T) d_(h)
i i
(55)
- 1 inter-where B(T) is the Planck function integrated over the 600 to 725 cm
vaI, and T is the transmissivity of the entire spectrai interval along the path
that is tangent to the Earth's atmosphere at tangent height h. If the atmo-
sphere is isothermal, or if B(T) can be defined from some appropriate aver-
age along the path, (55) becomes
I(h) = B(T) (1-7). (56)
It can be seen from (56) that the radiance at tangent height h is proportional
to (1-_), or the absorptivity of the entire atmosphere along the path that is
tangent at height h. Since the effect of ozone and water vapor is to change the
transmissivity, and hence the absorptivity, and since the radiance is directly
proportional to the absorptivity, we can evaluate the effects of ozone and water
vapor on the 15p band radiance by comparing the absorptivity for CO2 alone
with the absorptivity due to CO2 plus 03 plus H20 for different tangent heights.
For these computations, it is assumed that the transmissivity of a mixture of
all three gases can be represented by the product of the transmissivities of the
individual gases. Thus, the absorptivity of such a mixture is given by
i - Tc02*  H20*
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To compute the transmissivities of the individual gases as a function of tangent
height, it is necessary to have information on the vertical distributions of the
gases and on their transmission characteristics. As opposed to CO2, H20 and
03 are not uniformly mixed in the atmosphere; their concentrations, in fact,
vary vertically, horizontally, and with time. The water vapor profile, used in
these computations, is the same as that used by Warl_ et al,(ref. 17) for his
standard atmosphere profile and represents a typical mid-latitude profile. The
ozone profile is also adopted from Wark's standard atmosphere and represents
an ozone amount typical of high latitudes in spring, when ozone concentrations
are at their highest. The 1962 Standard Atmosphere values of temperature,
pressure, and air density are also used in the calculations. Table 12 lists
these vertical profiles.
Water vapor transmissivities were computed using two independent sources of
transmission data - Wark's data, which have been furnished by John C. Gille of
Florida State University, and Elsasser's data in his 1960 monograph. Ozone
transmissivities are based upon Elsasser's data (ref. 4). Carbon dioxide
transmissivities are based upon the Wark-Gille data for the region 625 to 725
cm" 1 and upon GCA Corp. curve fit of the Plass data for the interval 600 to
625 cm -1 (refs. 18 and 19).
To evaluate water vapor transmissivities using Wark's data, the water vapor
path length is obtained from
d ( p )ds,= = / PH20Ue Ue path Po
(57)
where u e is the effective water vapor path length, p H20 is the water vapor
density, p is pressure, Po is surface pressure, and s is the geometric path.
Tables of transmissivity as a function of Ue for 25 cm-1 intervals between 600
and 725 cm-1 are used to obtain the transmissivity.
In Elsasser's technique, the reduced water vapor path length u'_ is given by
u.
1/2
PH20 ds, (58)
where T is temperature, and T o is surface temperature. For the rotational
band, the transmissivity is a function of (log u* + log L) where L is Elsasser's
generalized absorption coefficient, which depends upon wave number and
temperature. This function is tabulated in Elsasser's paper (ref. 4). Elsasser
presents a table of log L versus wave number for a temperature of 20°C (293°K).
To correct for any other temperature, the following correction is applied:
log L = log L o T/( /2- a o v - _ + log o--'_ o --_-' (59)
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TABLE 12.- VERTICAL PROFILES FOR COMPUTATION OF WATER
VAPOR AND OZONE TRANSMITTANCE
T, °K
288.15
278.40
268.70
252.10
241.40
228.80
216.65
216.65
216.65
217.30
221.70
223.10
224.90
227.60
235.40
244. 30
249.20
257. 50
268.60
268. 50
264.60
260.70
254.80
237.30
p, mb
1013.2
845. 6
701.2
502.0
399.6
301. 2
198.6
149.7
100. 3
49. 5
25.1
19.9
15.1
10.2
6.1
3.9
3.0
2.0
1.2
0.5
0.4
0.3
0.2
0.1
Mixing
ratio,
Z, bm W(gm/gin)
0 5. 50xlO -3
I. 50 3. O0
3.00 1.50
5. 55 0. 48
7.20 0. 25 _
9. 15 8.20x10 -5
1l. 85 2.00
13.75 0.74
16.20 0. 20 J
20.70 0.40
25. 10 0. 80
26. 60 0. 99
28.40 I. 30
31. lO 2.00
34. 60 2. O0
37, 80 2. O0
39. 60 2.00
42.60 2. O0
46.60 2. O0
53. 50 2.
55. 50 2.00
57. 50 2. O0 |
60. 50 2.00 |
65. 50 2.00
0air' Plt20' 3
gm_cm gm/cm"
1.225xi i 6.7375x10 -61.0581 3.1743x10 -6
9.0925x 13.6388x10 -7
6.9366 3.3296 1
5.7671 1.4418
4.5871 37.6140x10 -9
3.1950 6.3900
2.4000 1.7760
1.6133 0.3227
7.9454_ -5 3.1780x10-10
3.9458 3.1570 1
3.1186 3.0874
2 356 0638
1.5552 3.1104
-11
9.0045_ 18.0090x10
5.5293 11.0590
4.2362 8.4720
2.7500 5.5000
1.5798 3.1596
6.6974_ 13.3950x10-12
5.2830 10.5660
4.1532 8.3064
2.8758 5,7516
1.5663 3.1326
3.50
4.16
5.80
9.00
13.40
25.90
45.90
89.00
240.00
477.00
560.00
649.00
852.00
882.00
799.00
710.00
510. 00
133.00
13.00
1.30
0. I0
0. I0
0. I0
Ozone
cm g-xl 05,
mb cm/km
2.99 3. 59x10 -3
3.63x10 -3
3.71xl0 -3
3.94x10 -3
5.09x10 -3
6.02x10 -3
8.11x10 -3
1.08x10 -2
1.41xl0 -2
1. 87
1.84
1.71
I. 50
1.30
7.78xI0 -3
4. 33
2. 95
1. 37
2.06x10 -4
8.53x10 -6
6.73xl 0 .7
-8
4. 15xll
2.8_ i
1.57
9O
where L o applies to T = 293°K, and a = 0.98 x 10 -5. To simplify the com-
putations, the temperature was assumed to be 233°K, which is a temperature
representative of stratospheric conditions.
-1
The high wave number edge of the 600 to 725 cm region overlaps the window
region, where there is a water vapor continuum absorption due to the fringes
of the rotational band. For the continuum transmissivity
_'v = exp (-k v u*). (60)
The total transmissivity is then the product of the band transmissivity and the
continuum transmissivity. Elsasser presents a table of values of k versus
wave number for the window region. However, these are low by a factor of 10
and, consequently, should be used with 10 u* (ref. 20).
For the 13 micron 0 3 band, the Elsasser method and tabulated estimated
values of log L are used. The reduced path length is given by
s 1,.u, :fdu* : path q03 ds, (61)
where qo3 is in cm per km at STP. The transmittance is a function of log u"."
+ log L. No temperature correction information for log L is presented by
Elsasser, and his values were used as _abulated.
Tables 13 through 16 show the calculated absorptivities, (1-_), for each gas
and spectral interval as a function of tangent height. The last column in these
tables is average absorptivity in the 600 to 725 cm-lregion. At moderate and
high tangent heights, the CO2 absorptivity is much larger than the H20 and O&
absorptivities. At lowtangent heights, the H20 absorptivities approach unity,
but the CO 2 absorptivities are also close to unity.
Figure 42 compares H20 absorptivities computed from Wark's data with those
computed from Elsasser's data. The discontinuity near a tangent height o'f
two km in the Elsasser absorptivities is due to the effect of refraction, which
causes paths at tangent heights less than two km to strike the earth's surface,
thus reducing the total path length. This effect is not evident in the Wark
absorptivities since these data have already reached a value of unity at a
tangent height of about four kin. This graph indicates that there are differ-
ences in transmissivity functions among various investigators. However, as
shall be shown, these differences do not affect the computed total absorptivity
of all three gases.
Figure 43 shows the Elsasser water vapor absorptivities as a function of tan-
gent height for each spectral interval as well as for the 600 to 725 cm-1 band
average. The crossing of the curves is due to the manner in which the water
vapor transmissivities are computed with the Elsasser technique (i. e., as a
product of a continuum absorption and a band absorption). At high tangent
heights the 600 to 625 cm -1 interval is most absorbent while at low tangent
heights the 675 to 700 cm -1 interval is most absorbent.
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TABLE 13.- CO2 ABSORPTIVITY, 1-Tn, WAVENUMBER INTERVAL, crr,
Tangent height,
h, km
0
I0
20
30
40
50
60
600-
625
I. 000
0. 996
0. 663
0. 241
0. 079
0. 021
0. 003
625-
650
i. 000
I. 000
0. 987
0. 577
0. 205
0. 087
0. 018
650-
675
1. 000
i. 000
1. 000
0. 937
0. 499
0. 230
0. 028
675-
700
1. 000
1. 000
i. 000
0.855
0. 357
0. 144
0. 040
700-
725
1. 000
0. 999
0. 848
0. 348
0. 131
0. 046
0. 006
600-
725
I.000
O. 999
O. 900
O. 592
O. 254
O. II0
O. 019
TABLE 14. - H20 ABSORPTIVITY, 1-_n, (WARK DATA) WAVENUMBER
INTERVAL, cm- 1
Tangent height,
h, km
0
4
6
8
I0
12
14
16
18
20
600-
625
I. 000
I. 000
0. 946
0. 638
0. 325
0. 136
0. 021
0. 007
0. 004
0. 003
625-
650
I. 000
1. 000
0. 929
0. 588
0. 284
0. 113
0. 017
0. 006
0. 004
0.003
650-
675
I. 000
I. 000
0. 902
0. 539
0. 244
0. 097
0.015
0. 005
0. 003
0.0O2
675-
700
1. 000
1. 000
0. 873
0. 480
0. 204
0. 076
0. 011
0. 004
0. 002
0. 002
700-
725
I. 000
i. 000
O. 842
O. 412
O. 163
O. 055
O. 008
O. 003
O. 001
O. 001
600-
725
I. 000
I. 000
O. 898
O. 531
O. 244
O. 095
O. 014
O. 005
O. 003
O. 002
TABLE 15.- H20 ABSORPTIVITY, 1-T n, (ELSASSER DATA)
WAVENUMBER INTERVAL, cm- 1
Tangent height,
h, km
0
1
2
3
4
600-
625
0. 916
0. 940
0. 991
0. 961
0. 917
625-
650
0. 818
0.858
0. 965
0. 897
0. 820
650-
675
0. 677
0. 725
0. 894
0. 777
0. 679
675-
700
0. 998
1. 000
1. 000
1. 000
0. 998
700-
725
0. 994
0. 999
1. 000
1. 000
0. 994
600-
725
0. 880
0. 904
0. 970
0. 927
0. 882
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TABLE 15. - H20 ABSORPTIVITY, 1-Tn,
WAVENUMBER INTERVAL,
(ELSASSER DATA)
cm- 1 _ Concluded
Tangent height,
h, km
5
6
7
8
9
10
I1
12
13
14
15
16
600-
625
0. 799
0. 688
0. 522
0. 377
0. 285
0. 177
0. 129
0. 084
0. 044
0. 021
0. 004
0
625-
65O
0. 670
0. 554
0. 399
0. 275
0. 203
0. 124
0. 089
0. 054
0. 022
O. 005
O, 000
0
650- 675-
675 700
O. 523 O. 936
O. 416 O. 788
O. 284 O. 501
O.189 O. 285
O. 138 O. 180
O.081 O. 084
O. 055 O. 047
O.027 O. 016
O.004 O. 003
O. 000 O. 001
O. 000 O. 001
0 0
700-
725
0. 897
0. 717
0. 424
0.227
0. 136
0. 053
0. 023
0. OO7
0. 003
0. 001
O. 001
0
600-
725
0. 765
0. 633
0. 426
0. 271
0. 189
0. 104
0. 069
0. 038
0. 015
0. 006
0. 001
0
-1
TABLE 16.- 0 3 ABSORPTIVITY, 1-T n, WAVENUMBER INTERVAL, cm
iTangent height, 600- 625- 650- 675- 700- 600-
h, km 625 650 675 700 725 725
0
1
2
3
4
5
6
7
8
9
10
II
12
13
0
0
O. 025
O. 022
O. 021
0.016
O. 015
O. 013
O. 011
O. 010
O. 007
O. 0O5
O. 004
O. 001
O. 110
0.117
O. 187
O. 179
O. 176
O. 165
O. 162
O. 157
O. 153
O. 149
O. 143
O. 140
O. 137
O. 131
0.216
0.230
O. 349
O. 335
O.330
0.313
O. 307
O.299
O.292
O.286
0.276
O. 270
0.265
0.255
0. 307
0. 324
0. 482
0. 464
0.458
0. 435
0. 428
0. 418
0. 408
0. 400
0. 387
0. 379
0. 372
0. 358
0.252
0.267
0.401
0. 386
0. 380
0. 361
0. 354
0. 346
0. 337
0. 330
0. 319
0. 312
0. 306
0.295
0. 177
0. 187
0. 289
0.277
0. 273
0. 258
0. 253
0. 247
0. 240
0.235
0. 226
0. 221
0.217
0. 208
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-l_TABLE l-Tn, WAVENUMBER INTERVAL, cm16.- 03 ABSORPTIVITY,
Concluded
Tangent height,
h, km
14
15
20
25
30
40
600-
625
0
0
0
0
0
0
625-
650
0. 128
0. 120
0. 088
0. 052
0. 011
0
650-
675
0. 250
0.235
0. 175
0. 110
0. 058
0
675-
700
O. 351
O. 332
O. 253
O. 162
O. 089
0
700-
725
0. 289
0.273
0. 205
0. 129
0. 069
0
600-
725
0.204
0.192
0.144
0.091
0.045
0
Figure 44 shows the average absorptivity of H20 in the 600 to 725 cm-I region,
as computed from Warkts data, as a function of tangent height. Both Figures
43 and 44 show the rapid decrease of H2 Oabsorptivity with tangent height,
reflecting the rapid decrease of water vapor with altitude in the atmosphere.
Figure 45 shows the ozone absorptivities as a function of tangent height for such
spectral interval as well as for the 600 to 725 cm-1 band average. The slight
increase in the curves at tangent heights greater than 10 km is due to the pres-
ence of the ozone maximum in the stratosphere. As expected, the 700 to 725
cm-1 interval has the highest absorptivities since this interval is located
closest to the 03 band center. It is to be noted, that even at low tangent
heights, the 03 absorptivity remains less than 0.5.
To determine the combined absorptivity of all three gases, the product of the
individual transrnissivities must be computed. Tables 17 through 21 list for
each spectral interval the individual transmissivities and their products for
both the Wark and Elsasser H20 data for the different tangent heights. Table
22 lists, as a function of tangent height, the average CO 2 transmissivity and
the average transmissivity of the mixture of all three gases. The differences,
it may be noted, between the Wark and Elsasser H20 transmissivities have
littleeffect upon the combined transmissivity of all three gases.
Results - comparisons of the absorptivity of CO 2 alone with the combined
absorptivity of CO2, H20, and 03 for the different spectral intervals and for
the 600 to 725 crn- 1 band average as a function of tangent height - are illus-
trated in Figures 46 through 51. Inspection of these figures reveals that the
absorptivity is changed littleby including the effects of water vapor and ozone
absorption on the basic CO 2 absorption model. The apparent unimportance of
water vapor is due to the fact the transmissivity of water vapor changes rapidly
from about 1 to 0 in the 15 to 0 krn tangent height region, where the trans-
missivity of CO 2 is extremely small. Thus, the quantities _CO 2 and TCO2*
_i_i20 are negligibly different, and, hence, the difference in absorptivity is _1
negligible. The differences in absorptivity are largest in the 700 to 725 cm
interval, where ozone has its greatest effect. In this interval, the absorptivity
(due to CO 2 alone and with the combined absorptivity) differ by as much as
0.045 at a tangent height of 30 km,
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Height for Different Wave Number Intervals within the 600-
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725 cm Region
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TABLE 17. - TRANSMITTANCES FOR CO 2, H20 (WARK), H20 (ELSASSER),
AND TCO 2 • ¢H20 • ¢03 SPECTRAL INTERVAL:
600 _ _625 cm-I
Tangent
height,
h, km
0
10
20
30
40
50
60
C02
0
O. 004
O. 337
O. 759
O. 921
O. 979
O. 997
T O
(E_2asser)
TO 3
0
0. 675
0. 997
1.000
1.000
1.000
1.000
0.084
0.823
1.000
1.000
1.000
1.000
1.000
1.000
0.993
1.000
1.000
1.000
1.000
1.000
,r C02. T_H20"
T H20. T 0? 2.T ©3
(Wark) (Elsasser)
0
0.003
0.336
0.759
0.921
0.979
0.997
0
0.003
0. 337
0. 759
0. 921
0.979
0.997
TABLE 18.- TRANSMITTANCES FOR CO 2, H20 (WARK),H20 (ELSASSER),
AND TCO 2 • ¢H20 • ¢03-SPECTRAL INTERVAL:
625 _ v _ 650 cm -1
Tangent
height,
h, km
0
10
20
30
40
50
60
7CO2
0
0
0.013
0.423
0.795
0.913
0.982
7H20
(Wark)
0 0.
0. 716 0.
0. 997 1.
1. 000 1.
1. 000 1.
1. 000 1.
1. 000 1.
TH20
(Elsasser)
182
876
000
000
000
000
000
_03
0.890
0.857
0.912
0.989
1.000
1.000
1.000
7H20.
7CC2 .
7 O
(Wa3rki
0
0
O. 012
O. 418
O. 795
0. 913
0. 982
- 7H20 .
_CO 2 .
703 .
(Elsasser)
0
0
0. 012
0. 418
0. 795
0. 913
0. 982
99
TABLE 19.- TRANSMITTANCES FOR CO2, H20 (WARK), H20 (ELSASSER),
AND _'CO2 _rH20 • VO3 • SPECTRAL INTERVAL:
650 _: v < 675 cm -1
Tangent
height,
h, km
0
I0
20
30
40
50
60
TCO2
0
0
0
0. 063
0. 501
0.770
0.972
7H20
(Wark)
0
0.796
0.998
1.000
1.000
1.000
1.000
TH20
(Elsasser)
0. 323
0. 916
1. 000
1. 000
1. 000
I. 000
1. 000
TO 3
0.784
0.724
0.825
0.942
1.000
1.000
1.000
"rCO2.
H20 .
03
(Wark)
0
0
0
O. 059
0.501
0.770
0.972
_"H20.
7 CO2.
0 3
(Elsasser)
0
0
0
0. 059
0.501
0.770
0.972
TABLE 20.- TRANSMITTANCES FOR CO 2, H20 (WARK), H20 (ELSASSER),
AND _CO 2 • TH20 • 703-SPECTRAL INTERVAL:
675 < v _ 700 cm-1
Tangent
height,
h, km
0
10
2O
3O
4O
5O
6O
CO 2
0
0
0
0.145
0.643
0.856
0.960
7 H20
(Wark)
0
0. 796
0. 998
1. 000
1. 000
1. 000
1. 000
7 H20 .
(Elsasser}
0. 002
0. 916
1. 000
1. 000
1. 000
1. 000
1. 000
T 03
0.693
0.613
0.747
0.911
1.000
1.000
1.000
CO2"
H20.
7 03
(Wark)
0
0
0
0. 132
0. 643
0.856
0.960
T H20 .
"r CO 2 ,
T 03
(Elsasser)
0
0
0
O. 132
0.643
0.856
0.960
100
TABLE 21.- TRANSMITTANCES FOR CO 2, H20 (WARK), H20 (ELSASSER),
AND _CO2. _H20. _O 3. SPECTRAL INTERVAL: 700 <v < 725 cm -1
Tangent
height,
h, km
0
10
20
30
40
5O
60
0
O. 001
O. 152
O. 652
O. 869
O. 934
O. 994
H20
ark)
0
0. 837
0. 999
1. 000
1. 000
1. 000
1. 000
H20 ,
lsasser)
0.006
0. 947
1. 000
1. 000
1. 000
1. 000
1. 000
TO 3
0. 748
0. 681
0.795
0. 931
1. 000
1. 000
1. 000
v CO 2.
VH20.
_'O3
(Wark)
0
0. 001
0. 121
0. 607
0. 869
0. 934
0. 994
VH20.
v CO2.
VO 3
(E]_asser)
0
0. 001
0. 121
0. 607
0. 869
0. 934
0. 994
TABLE 22. -AVERAGE TRANSMISSIVITY OF CO 2 AND AVERAGE TRANS-
-i
MISSIVITY OF MIXTURE OF CO 2, H20, AND 0 3 FOR 600 cm
TO 725 cm -I
Tangent height,
h, km
0
I0
20
30
40
50
60
7CO2
0
0. 001
0. 100
0. 408
0. 746
0. 890
0. 981
_CO 2. 7H20. _O 3
0
0. 001
0. 095
0. 395
0. 746
0. 890
0. 981
v CO2* vH20* vO 3
1 - "rCO 2 0. 348 and CO 2 H20 03
- O. 393
Since the radiance is proportional to the absorptivity, the maximum difference
in radiance would be about 13 percent. The omission of all or part of this
spectral interval in an integrated band for horizon sensing in the 15_t region
would reduce the effect of ozone. Even if this interval is included, the average
absorptivity of the 600 to 725 cm -I region for all three gases is negligibly
different from that of CO2 alone; the maximum percentage difference in radiance
is two percent at a tangent height of 30 km (Figure 51).
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Figure 46. Comparison of the Absorptivity of CO 2 Alone with the Combined
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Absorptivity of CO 2, H20, and 0 3 , 625-650 cm
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INTEGRATED HORIZON PROFILES
The final analysis performed, to define the effects of each spectral interval on
the 1 5 micron carbon dioxide band, was the development of total radiance pro-
files. These profiles were determined by summing different combinations of
spectral intervals to effect the spectral integration over the total range.
Tentative selections of intervals to be summed may be made from the studies
above. From the spectral radiance profile and weighting function analysis, the
weaker absorbing intervals on the wings of the spectral interval show the
greatest variation in time and spaee over the temperature profiles studied.
From the water vapor and ozone effects study, the outer wings of the carbon
dioxide band show effects from ozone on one end and water vapor on the other.
Although the effects were determined to be small, their effects must, r_ever-
theless, be considered.
Since the greatest variation from all parameters analyzed show the carbon
dioxide band is affected on either wing in the lower absorptance region, the
effects of these intervals on the total radiance profile were analyzed. Con-
sequently, horizon profiles were calculated for the following ranges of spectral
integration:
-1
• 600-725 cm
-1
• 615-725 cm
-1
• 615-715 cm
-1
• 625-715 cm
-1
• 625-705 cm
-1
• 635-705 cm
To evaluate the uniformity of the horizon profiles resulting from these spectral
integrations, each integration was carried out for the twenty climatological
profiles used previously. These results are given in Figures D62 through
D73 in Appendix D. The figures cover, respectively, the months of January,
April, July and October. An example of the figures is included here as
Figure 52.
As successive spectral intervals are deleted from the summation, the radiance
at each tangent height decreases, and any anomalies in the profile tend to be
smoothed out at the same time. Since the most pronounced anomalies arise in
the profiles during January, as seen by comparison of Figures D62 through
D64 in Appendix D.
Two basic kinds of anomalies are noted in these profiles, and, although not
as well defined, they may be found in similar locations on the curves for the
other months.
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The first of these is a decrease followed by an increase in the radiance level
in the profile, Figure 52/D62, between 10 and 20 km; this is characteristic
of the lower tropical latitudes. A somewhat similar "dip" between 20 and 30
km is characteristic of the high arctic latitudes, Figures D71 through D73 in
Appendix D. As the radiance decreases with the deletion of each spectral
interval, both of these "dips" become less prominent, and one finally disappears.
Both of these effects are caused by the sharp inversion in the temperature-altitude
profile characteristic of these space-time profiles.
A further change which takes place in the general character of the horizon
profiles is a trend towards increased limb brightening. Both of these obser-
vations may be understood by noting that the spectral intervals with weighting
functions large at altitudes in the warm troposphere are the ones which are
first deleted. The spectral horizon profiles and weighting function for the
600 to 615 cm -1 interval, Figures 36 and 39,illustrate this point for an extreme
example. Similar illustrations for other spectral intervals may be found in
Appendix D.
The tropical anomaly tends to disappear completely while the arctic one,
occurring at the higher altitude, is only attenuated by decreasing the total
spectral range. Because the anomaly in the temperature profile which pro-
duces this arctic "dip" is at higher altitudes, it coincides with the altitudes
over which many of the spectral intervals have large weighting functions. Con-
sequently, the anomaly is not eliminated in the manner which proves effective
with the lower altitude tropical anomaly.
Both the weighting function studies and the spectral horizon profiles indicate
that the spectral interval 600 to 615 cm -1 received much of its energy from
low altitudes and that anomalies in the profiles at low tangent heights could
be eliminated by eliminating this spectral region. Hence, it is not surprising
to note that the most dramatic improvement in the integrated profiles, as
measured by the smoothing of the anomalies, is gained by deletion of this
interval. Although further improvement is noted with still narrower ranges
of integration, the additional smoothness does not seem to warrant the corres-
ponding decrease of energy in the horizon profile.
Based on these analyses, the variations in the total profile could be attenuated
by deleting spectral interval number one without reducing the magnitude of
total radiance level appreciably.
A further analysis, the effects of high clouds on the radiance profile as dis-
cussed in detail in the next section on profile variation studies of this report,
also shows that the major effects caused by clouds are caused by the spectral
intervals on the wings of the carbon dioxide band.
CONCLUSIONS
Horizon radiance in the total 15 micron CO 2 band (600 to 725 cm-1) is not
seriously affected by the presence of atmospheric water vapor and ozone. The
110
maximum increase in radiance to be expected due to the presence of water
vapor and ozone is about two percent at a tangent height of 30 kin.
Within this total spectral region, the largest effects are felt in the 700 to 725
cm-1 interval, where the radiance would be increased by about 13 percent at
a tangent height of 30 kin, due largely to the presence of ozone.
Lack of complete and detailed knowledge of the variability of ozone on a world-
wide basis and the possible effect of these variations on the 15 micron carbon
dioxide horizon radiance profile led to consideration for deletion of the spectral
regions affected by this absorber.
All of the spectral radiance profiles, weighting functions, water vapor, and
cloud effect analyses indicated that the 600 to 615 cm-1 spectral region showed
the greatest variation in the space-time environment.
To reduce the total variability of the carbon dioxide horizon radiance profiles
caused by the clouds ozone, and water vapor effects, the spectral interval
chosen is 615 to 715 cm -1 This spectral region is within the present state-
of-the-art for detection levels and represents the best possible choice of a
region in the spectrum that is representative of the desired horizon, as defined
by the 15 micron carbon dioxide absorption band.
Figure 53 shows the weighting functions for this total spectral region for tan-
gent heights from -30 to +60 km. From this figure, it is seen that the lowest
peak weighting function occurs at approximately 22 kilometers altitude and
that the weighting functions for all altitudes are zero at about 3 kilometers
altitude.
The curves B on Figures D62 through D73 in Appendix D show the final total
horizon radiance profile for the 615 to 715 cm-1 carbon dioxide band for the
space-time temperature profiles analyzed.
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PROFILE VARIATION STUDIES
Variations in the Earth's horizon radiance profile due to space and time varia-
tions in the Earth's atmosphere are determined using the 1085 temperature and
pressure profiles in the input body of data. However, extremely short-time
effects such as presence of a high cloud at any particular space-time position
must be determined.
After determination of the spectral interval to be used for generation of the
radiance profiles, analyses were conducted to determine the effects of
various atmospheric phenomena and geometric considerations on the total
body of radiance profiles. The effects on the profiles due to clouds and the
variability of carbon dioxide concentration over the surface of the Earth were
studied. Also, the differences in the resultant horizon radiance profile due to
sampling over different azimuths must be considered.
Variability of the horizon radiance profile due to the azimuth at which it is
taken from a spacecraft is a major consideration. The radiance profiles
were calculated using a single temperature profile assumed to cover approxi-
mately 20 degrees of latitude on the Earth's surface. In reality, the tempera-
ture structure of the atmosphere can vary appreciably over this distance. Also,
due to the termination of the line of sight at negative tangent heights, the
distance of the separation due to azimuth can be as great as the full 20 degrees
for the lowest tangent height considered, -30 kilometers.
The overall objective of performing the studies described in this section was
to explicity examine the most critical as.sumptions upon which the profile syn-
thesis for the study was based. In the event that these assumptions should ever
be re-examined, the results which follow may be of value in assessing the con-
sequences of other possibilities and for demonstrating the reasoning behind the
assumptions selected.
C LOUD STUDIES
The cloud studies were undertaken with a double objective. It was necessary
to determine the magnitude of the radiance changes induced on the horizon
profiles by clouds at different altitudes. However, many earlier theoretical
studies had predicted that such cloud effects must necessarily be small.
Since recent satellite observations of radiance in and near the 15 micron CO 2
band have established that cloud effects can be significant, there is an appar-
ent disagreement between theory and experiment. Since the theoretical position
on the cloud effects is already known, it must also be demonstrated that this
position is not inconsistent with the satellite reports.
To support the conclusions found in this study by showing them to be consistent
with observed satellite results, the radiance change had to be computed from
the center of the Earth's disk to the limb profile region. Only the disk region
is presently studied by satellite instrumentation; the radiometers in use have
fields of view which are only partially filled by the horizon profile and, con-
sequently, cannot very well resolve the detail at the horizon.
The parameter to be adjusted for this purpose in the radiance profile synthesizer
is the tangent height. The center of the Earth's disk corresponds to a tangent
height of -6370 km where the nadir angle is zero. From a 300 km orbit, the
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nadir angle to the horizon of the Earth is about 73°. Negative tangent heights
were selected for calculation of radiance, to give an adequate distribution of
nadir angles for plotting radiance changes due to cloud effects as a function of
nadir angle. (See Table 23.) The largest tangent height considered coincides
with the highest cloud height studied. The range of cloud heights was from
zero to 20 kin. Above this altitudes the occurrence of clouds is extremely
rare. The calculations performed in this study consisted of finding the radiance
at tangent heights of-6370, -4000, -2000, -i000, -30, -15, 0, 2, 4, 6.... 18,
and 20 km for each of the following cloud heights of 0, 2, 4, 6, ... 18, 20 kin.
The calculations described were carried out for representative months and
latitudes (January and July at North latitudes of 20 °, 45 °, and 75°). The re-
quired data were selected from the climatological profiles. Data used in the
cloud studies were specially prepared with respect to the number of atmo-
spheric shells in the region where clouds were assumed. The shells in the
atmospheric data prepared for this study did not exceed i. 5 km thickness at
any altitude below 20 kin.
TABLE 23.- RELATIONSHIP BETWEEN TANGENT HEIGHT AND NADIR
ANGLE USED IN THE CLOUD STUDIES FOR A 300 km ORBIT
Tangent height
-6370 km
-4000 km
-2000 km
-i000 km
- 30 km
0 km
+ 20 km
Nadir angle
0
20.8 °
41.0 °
53.8 °
71.8 °
72.8 °
73.2 °
Transmittance Variation
The transmittance data used for horizon radiance profile analysis is not com-
pletely compatible with the computation of radiance values within the Earth's
disk. Therefore, a study to assess the effects of this possible error factor
was done.
The existing synthesizer program horizon profile definition was "tailor made"
to compute the horizon radiance between tangent heights -30 km and +80 kin.
In a cloud study investigation, it is necessary to compute the spectral radiance
for lower tangent heights, from -30 km to -6371 km (local vertical). One
question immediately arises -- how accurate are the radiance calculations
for these tangent heights, using the horizon radiance synthesizer program?
The program lies in the variation of the spectral transmittance with optical
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path length u and effective pressure _, (reference - section on atmospheric
physics). In the horizon definition problem, the transmittance is computed for
large path lengths at relatively low pressures. This effect is a result of the
slant angle with which the atmosphere is viewed. When looking vertically, the
spectral transmittance is computed for short path lengths at relatively high
pressures, which in a sense is opposite to the horizon problem.
To determine the error in the vertical radiance when using the horizon program,
the transmittance values for the horizon problem is compared with the trans-
mittance values that would be used for vertical viewing. Figures 54 through 58
show this comparison for selected intervals in the CO2 band at T = 250°K. The
solid line curve represents the variation of horizon radiance transmittance,
plotted as a function of Ln e uP. The transmittance values that would be used in
a calculation of vertical radiance are shown as the plotted points.
As can be seen in the figures, the plotted points either lie on or above the
curves, and the error is larger in the wings of the band than near the band
center._ In general, the magnitude of the transmittance for a given value of
Ln e uP is underestimated when using the horizon radiance program (trom
0 to about -0.04 in some cases).
Since the transmittance is underestimated, the magnitude of transmittance
decreases more rapidly with optical depth than would be the case using vertical
transmittance values. This has the effect of shifting the peak of the weighting
function to a higher altitude. Since the'peak of the weighting function occurs
at about 20 km, this shift upwards gives more emphasis to the region of the
atmosphere between 20 and 40 kin, which is warmer than the region between
10 and 20 km. Thus, the computed vertical radiance using the horizon synthe-
sizer program will, in general, overestimate the radiance. The magnitude of
the error depends on the particular thermal structure of the atmosphere in
question.
In this investigation, the transmittances from the cloud top to the top of the
atmosphere are low or about 0.02 on the average for the band. The effect of
this error is in the direction of underestimating the cloud radiance which in
turn underestimates the cloud effect on the vertical radiance. The error in
the radiance change due to clouds is, at most, 5 to i0 percent.
From results of this cloud study, it is concluded that a 15 km cloud can cause
a 25 percent decrease in the radiance when viewed vertically. This 25 per-
cent change may be in error by 10 percent, resulting in a 2.5 percent absolute
error for the vertical case. The absolute error at other angles of view would
be smaller, since the error will decrease as the horizon is approached.
Cloud Effects Analysis
The basic information resulting from this study of cloud effects is best sum-
_marized with a set of Figures such as 59 through 64. For tangent heights
distributed over the range considered, the calculated radiance is plotted as a
function of the cloud height.
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Figure 59. Cloud Effects on the 1 5 Micron Horizon Profile,
January, 20°N
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The desired demonstration of consistency between theory and observation is
clearly shown by the large decrease in radiance for large negative tangent
heights and by the relatively small decrease for all positive tangent heights.
Comparing the six time-space positions illustrated in these figures, it is
noted that the radiance is most affected by clouds in January at all latitudes
considered and is most affected at 20° North Latitude in January and July. The
radiance scale is much larger on these charts than on the usual radiance pro-
file curves since only the changes are of interest. A somewhat distorted
impression is thus obtained of the significance of the changes. The same
information is given as percentage radiance change as a function of nadir
angle in Figures 65 through 70. The largest effect, in January at 20°N, is now
shown as a 27 percent decrease in radiance when the direction of observation
is vertical. Even for this case, the size of the largest effect at nadir angles
near the horizon is less than five percent.
The largest effects are due to clouds at heights of 16 and 20 km; however, the
occurrence of clouds at such altitudes is extremely rare and limited to local
areas. A cloud layer of large horizontal extent would be extremely unlikely
at these altitudes. The Handbook of Geophysics and Space Environment (ref. 21)
reports that, in a full year of radar observations of cloud base altitudes at one
station, less than one-half percent were above 12 kin.
The effects illustrated in Figures 71 through 76 give the largest calculated
cloud effect for the indicated space-time position. Since these effects on the
horizon profile region are the largest found, and these are due to clouds above
12 kin, we may infer that actual cloud effects will be smaller than those illus-
trated 99 percent of the time.
All of the effects discussed thus far have been on the 615-715 cm -1 profile.
The advantage of using this interval instead of the 600 to 725 cm-1 interval is
indicated by the comparison shown in Table 24. The percentage radiance
decrease due to clouds at a tangent height of zero is compared for the two
spectral ranges. In every case where the radiance decrease in the large
spectral range was more than 1.5 percent, improvement by a factor of two
or more is noted in the 615 to 715 cm-1 range.
AZIMUTH STUDIES
The azimuth studies were required to compare the differences in the horizon
profile when it is observed from different directions. An approximation to this
situation is realized by using the latitude dependent climatological data from
two neighboring latitudes as input to the calculation.
The inclusion of azimuth effects in the horizon profile synthesizer requires
the provision of two sets of atmospheric data which reflect latitudinal differ-
ences and of a criterion for selecting the proper data for use in evaluating the
integrand in each atmospheric shell. These parameters were analyzed using
the model illustrated in Figure 77.
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TABLE 24.- CONSEQUENCES OF SPECTRAL RANGE SELECTION ON CLOUD
EFFECTS;PERCENTAGE DECREASE IN RADIANCE AT TANGENT
HEIGHT ZERO GIVEN FOR TWO SPECTRAL RANGES
Atmospheric
data
1962 Standard
1 5°N, Tropicala
30°N, January" a
60°N, January a
30°N, July a
60°N, July a
aFrom ref. 16.
Decrease in 600-725 cm -1 Decrease in 615-715cm -1
range range
0.74%
2.24%
I. 55%
0.22%
2.17%
0.79%
1.95%
6.87%
4.68%
2.47%
5.70%
1.15%
The calculation proceeds in the normal way from the observer along the path
of integration to the point B where it iniersects the separation line. At this
point, the only change in the method of calculation is the substitution of a new
set of data to reolace atmosohere no. 1 with atmosphere no. 2.
The adjustable parameter, _, of the azimuthal computational model is selected
to correspond to the most realistic approximation of azimuthal effects. For
this purpose, test cases, making use of isothermal atmospheres for nos. 1
and 2, were explored with several values of _. In this way, differences
between the radiance profiles for pure isothermal cases and for intermediate
cases using various values of $, may be clearly assigned to a source of radiance
in either atmosphere no. 1 or no. 2.
In Figure 78, the results are shown of an evaluation of the azimuth model for
different values of _ using 210°K and 220°K isothermal atmospheres. Because
atmosphere no. 1 is at 220°K and no. 2 at 210°K, setting the value of _ at
+20 ° removes the 220°K atmosphere entirely from the problem and leads to the
horizon profile for an isothermal 210°K atmosphere; Curve number 1 is such
a horizon profile. The opposite extreme, _ = -20 °, gives the results in curve
number 6, the horizon profile of an isothermal atmosphere at 220°K. The
intermediate curves, which lie between these extremes, are calculated using
values of _ from 8.25 ° to 0°K.
The values of _ were selected to sample the possible range that might be
chosen. The value of _ at which atmosphere no. 1 is just removed from the
calculation is about 11 °. This is the angle between H T, the line along which
tangent height is measured, and the line connecting the Earth's center and the
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Figure 77. Model for Azimuthal Effects
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intersection between the path of integration and the upper boundary of the
highest atmospheric shell when the tangent height is -30 km. By setting '_
larger than ii °, as in the case of curve number I, a pure isothermal profile
is obtained. The intermediate values of Y are evenly distributed from 0 to
ii °.
The behavior of the intermediate curves show that the results are quite sensi-
tive to the value of _ which is selected. Curve 2 is nearly similar to curve 1
because, for _ = 8.25 °, atmosphere no. 1 provides a radiative contribution
only for the most negative tangent heights. For smaller values of _, as in
curve numbers 3 and 4, the curve follows the horizon profile first for the 220°K,
and finally for the 210°K atmosphere. The only choice which realistically
approximates azimuthal effects using a two atmosphere model is _ = 0 °.
Figure 79 shows the results for _ = 0°and 5.5 ° with atmospheres nos. i and 2
reversed. The conclusion reached in the first case is not contradicted.
To perform a realistic simulation of the azimuthal situation in which the
horizon profile at the same location on the earth is observed from different
directions, climatological profiles separated in latitude by 15 ° are used with
= 0°. To simulate observation from one direction, the higher latitude data
is used for atmosphere no. i; observation from the other direction is simulated
with the lower latitude data in the position of atmosphere no. i. These results,
for January and July, are illustrated in Figures 80 through 82 and Figures 83
through 85 respectively.
For assistance with the interpretation of these results, Figure 86 shows the
approximate spatial position from which the radiant energy of a horizon profile
originates. The abscissa is in degrees of latitude from the radius along which
the tangent height is measured. The altitude and latitude relative to the tangent
height line of points along the path of integration are plotted for tangent heights
from -30 to +60 kin. The percentage of total radiant energy originating at
points along these paths of integration is marked at i0, 50 and 99 percent.
Examination of the azimuthal simulation, Figures 80 through 85, shows that
the differences are smallest towards the higher tangent heights. Above
40 kin, the curves become nearly identical. In most cases, the difference
steadily becomes larger towards the small, negative tangent heights. Because
of the value, _ = 0, was used, the radiance found for each profile below about
two km (with refraction) is due only to atmosphere no. 1. For _ = 0, all the
radiative contributions for positive latitudes in Figure 86 correspond to contri-
butions from atmosphere no. 1. Thus, for all tangent heights up to 10 km,
99 percent of the radiant energy comes from atmosphere no. 1. Conse-
quently, this is, in most cases, the region of greatest difference between the
curves. Since at 50 kin, 50 percent of the energy comes from each atmosphere,
it is natural for the curves to converge at this point.
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C 02 VA RIA TION
Since the precise concentration and variability of CO 2 in the atmosphere is
not well known, the most widely accepted value is used as a uniform atmos-
pheric concentration in horizon profile synthesis. This value is 3.14 x 10 -4.
To analyze the effects of variability in the CO 2 concentration, the results of
a study of this subject were applied to the computation of horizon radiance
profiles. The result of this study is shown in Figure 87 and consists of an
estimate, based on all available literature on the subject, of the variation of
CO 2 concentration with altitude.
The effects of this vertical variation,and deviations of 2, i0, and 20 percent
therefrom, were examined by calculating horizon profiles using the indicated
CO 2 concentration data. These results are presented in Figures 88 and 89.
In each of these figures, the center curve corresponds to the data of Figure 87,
while the higher curve results from increasin_ and the lower curve from
decreasing the CO 2 concentration at each altitude by the stated percentage.
No difference is found inthe horizon profile due to changing the CO2 concen-
tration by two percent. Variation due to i0 percent changes are still small,
Figure 88; the tangent height of a constant value of radiance is shifted by no
more than 1/2 km in the region of steepest slope above 30 km. In the region
of peak radiance below 30 km, the value of radiance changes only by about one
percent.
With variations of 20 percent, the changes become approximately twice as
large. This extreme variation in the CO 2 content is presented to illustrate
only the magnitude change caused. From the extensive CO2 study conducted, i
was determined that a 1 a change of no more than one percent in concentration
actually exists.
The horizon profile resulting from the use of a uniform atmospheric concen-
tration of 3.14 x 10 -4 is virtually identical with the horizon profile resulting
from the data of Figure 87. This is to be expected since it was found that a
two percent variation produces no change, and since 3.14 x 10 -.4 is everywhere
within two percent of the value of the curve in Figure 87.
CONCLUSIONS
Differences in CO 2 radiant energy transmittance between the higher pressure
shorter optical path of nadir radiation measurements and the lower pressure -
longer optical path of horizon radiation measurements are shown to be minima
The horizon radiance data were then used, as developed for this study, for
analysis of the effects of clouds on the calculated radiance values.
Variations in the CO 2 concentration as a function of altitude were shown to be
completely insignificant. The differences between calculation of a radiance
profile using a constant CO 2 concentration of 314 ppm as opposed to the vari-
akional structure as shown on Figure 87 are negligible.
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-i
Cloud effects on the radiance profile, in the 615-715 cm . spectral region,
were shown to be less than about 5 percent for low tangent heights. This,
coupled with the extremely low frequency of occurrence of such high clouds,
permits only recognition of the slight effects with no increase in the data re-
quirements resolution to statistically analyze any deterministic variations.
When viewing the horizon down to a -30km tangent height, the effects of azi-
muthal viewing must be taken into account. Actual radiation may be separated
by as much as twenty degrees of great circle distance if the same longitudinal
position is viewed from 180 ° direction separation. At higher tangent heights,
this effect was shown to be minimal.
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PROFILE SYNTHESIS FOR
HORIZON DEFINITION STUDY
The computational methods for horizon radiance profile synthesis developed
and described in this section were used to produce all horizon radiance pro-
files considered in the Horizon Definition Study. The desired conclusions
from the study concern the naturally occurring significant variations in the
horizon profiles for engineering and experimental design purposes and an
understanding of the fundamental physical explanation of these variations.
The validity of the conclusions ultimately depends not only on the horizon pro-
file synthesis itself but also on the suitability of the atmospheric input data
provided for use in the synthesis. For this reason, a brief discussion of the
data is included in this section; the primary purpose of this section, however,
is to summarize the properties of the horizon profile synthesis computational
model and the computational tasks to which it is applied.
The data and computer program discussed in this section is the result of the
horizon radiance profile synthesis effort carried out in the Horizon Definition
Study. A number of modifications of this basic program were developed during
the study for special purposes; these include studies such as the weighting
functions and cloud effects. A new and more comprehensive computer program
providing, at the users option, all of the capabilities and extensions developed
is described in the next section of this report.
SUMMARY OF INPUT DATA
Atmospheric data samples, sufficient in number to permit statistical evalua-
tion, were collected from the region of the Earthts atmosphere most inten-
sively studied and documented. This region consists of approximately the
western part of the Northern Hemisphere. Over this area, two sources of
data are widely available: the Northern Hemisphere Radiosonde Observations
(RAOB) and Rawinsonde Network make daily observations on the altitudes of
approximately 30 kin. The Meteorological Rocket Network has several sta-
tions on the continent and along the Eastern and Western Missile Test Ranges.
These observations, although taken on an irregular schedule, normally extend
to altitudes of 50 or 60 kin. Since atmospheric temperature data is required
to altitudes of 90 km for the Horizon Definition Study, temperature profiles
were constructed to at least 50 km from available empirical data and then
extrapolated to 90 km using statistical relationships derived from high altitude
soundings.
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Four types of data sets were collected from these sources. Synoptic data
representing eight dates of a year were collected to permit determination of
the space-time variations of the horizon radiance profiles. Four hundred
forty-eight atmospheric temperature-pressure profiles were used to specify
the four synoptic situations; fifty-six profiles are used for each of the dates,
April 8, June 3, August 12, October 21, November 13, and December 9, 1964
and January 20, and February 10, 1965.
Improved resolution of localized geographic variations was desired in the
second type of data, the space cross-sections. Atmospheric profiles are
provided every I00 km along a particularly well studied region in the Eastern
Test Range, from Antigua in the Southeastern Atlantic to White Sands Missile
Range in New Mexico. A space cross section is provided for October 28 and
February 24, 1964 with 57 atmospheric temperature profiles for each case.
Improved resolution in temporal variations was the objective in the third type
of data. For this purpose, stations were sought which reported rocketsonde
observations on an hourly, daily, or weekly basis for various periods of time.
Fort Churchill, Cape Kennedy, and White Sands Missile Range were found to
have reported observations suitable for this purpose. Daily observations
were made at Cape Kennedy and Fort Churchill; 12-hour and 4-hour resolu-
tion was determined from White Sands data.
The fourth type of data provided in the primary statistical body of data are
climatological atmospheric profiles. These reflect the average conditions at
each location and season in a network over the same region covered by the
synoptic data. Fifty profiles each are provided for each season, represented
by the months of January, April, July, and October. The network has a pro-
file at 20 °, 30 °, 45 °, 60 °, and 75 ° North latitude on the following meridians:
60 °, 70 °, 80 °, 90 °, 100 °, 110 °, 120 °, 130 °, 140 °, and 150 ° West longitude.
An auxiliary body of data is also provided. The atmospheric profiles in this
set were chosen to sample the conditions outside the area covered by the data
described above; the accuracy of the statistical extropolation of the data to
world wide areas may thus be determined. Examples are observations from
McMurdo, Anarctica; Kwajalein, Marshall Islands; Barking Sands, Hawaii;
a ship off South America; and Primrose Lake, Alberta, Canada. There are
fifty-two such profiles.
PROPERTIES OF HORIZON PROFILE SYNTHESIZER
Basic Equations Evaluated
The radiance at any desired tangent height on a horizon radiance profile is
found by integration of the radiative transfer equation along the path specified
by the tangent height, h:
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N(h) = y*2 _i T
- '_ J (T) d_ d_+41 _2'_1 J_(T o) _Vo dv (62)
The second term is non-zero only for paths of integration which intercept the
Earthls surface or another blackbody such as a cloud. The subscript o, de-
fines the source function J_(T) evaluated at the temperature T of the black-
o
body. The transmittance between the blackbody and the 90 km top of the model
atmosphere is t . The only integration of this term is over wave number _.
o
The first term provides the major part of the radiance. The integration on t
is carried out by calculating directly the difference in transmittance, dT_
across each atmospheric shell in each spectral interval, d_. The integrations,
of course, are numerically carried out as summations, and the source function,
J_(T), is evaluated at the average temperature and wave number of the intervals
of integration on _ and v respectively.
In order to evaluate the source function J_(T) and the transmittance _v, a
number of table look-up routines and parameter determinations are carried
out. The functions appearing in the radiative transfer equation do not depend
only on the variables made explicit, but also upon other parameters along
the path of integration which are calculated for each case. The details of
this procedure are discussed in the sections on atmospheric physics and
computational model.
Effects Considered
In addition to the basic description of atmospheric radiation phenomena leading
to the horizon radiance profile, several refinements are included in the pro-
gram. These amount to improvements in the state-of-the-art of horizon
radiance calculations. The most significant improvement is found in the in-
creased spectral resolution and techniques for evaluation of transmittance.
Others are related to the evaluation of physical effects which previously have
been assumed to be unimportant, such as Doppler broadening and the absence
of thermal equilibrium. The effects of refraction, previously examined by
Wark, et al., (ref. 17) are also included here. Details of these improvements
and corrections are found in the section on atmospheric physics.
The method adopted for increasing the spectral resolution was the use of
transmittance tables developed by Stull, Wyatt, and Plass (ref. 2) which
give values, for a limited range of temperature, pressure, and optical path
in spectral intervals of five cm -1. These tables, for homogeneous path
length, were supplemented by slant path data due to Plass (ref. 3), extending
the information with the same spectral resolution to a range of pressures and
optical path previously unavailable. This was accomplished by calculating
the atmospheric parameters of effective temperature, effective pressure,
and optical path to which each tabulated value of slant path transmittance
corresponds. This completed, the portions of the enlarged tables applicable
to horizon radiance profile synthesis were fitted with an analytical function
of the parameters. This last step eliminated the necessity for a double inter-
polation, permitted best use to be made of all the applicable data, and per-
mitted an extension of the data to the necessary range of temperature.
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The macroscopic absorption properties of carbon dioxide are dependent on the
broadening of the spectral absorption lines. Two mechanisms are significant
in this respect: collision broadening and Doppler broadening. At the higher
pressures in the lower atmosphere, collision broadening is the dominant
mechanism, andDoppler broadening may be neglected entirely. The line
shape resulting from collision broadening is called the Lorentz line shape and
it is pressure dependent - as the pressure decreases, so does the half-width
of the Lorentz line shape. Above approximately 30 kin, the collision broaden-
ing mechanism no longer completely dominates the Doppler broadening
mechanism, which is primarily temperature dependent, consequently, both
should be considered.
This is accomplished by a multiplicative correction of the form
= ¢ (i - S(U, T)). (63)
Doppler Lorentz
The correction factor found from S (U, T) is a positive number less than unity
which depends on the optical path length and the effective temperature. The
theoretical discussion leading to this result may be found in Appendix B while
the detailed discussion of its application is given in the section on atmospheric
physics.
The source function Jr(T), of Equation (62), under the conditions of local
thermodynamic equilibrium which prevail in the lower atmosphere, is the
Planck radiation function
3
1 C i (64)
--B (_'T)= (-C2_)rr exp T - 1
where C 1 = 1.1909 x 10 -5 erg-cm2/sec-sr
C 2 = 1.4389 cm-deg.
The equilibrium conditions required in order that this function properly describe
the source function are the same as those required for interpretation of the
meaning of temperature; these conditions are not satisfied in or near a vacuum
because temperature is defined in terms of the average translational energy
per molecule for gases.
Kirchoff's Laws apply to radiative absorption and re-emission regardless of
whether or not thermodynamic equilibrium prevails. When a photon of any wave
number is absorbed, a photon or photons of equal energy must, at some later
time, be emitted. The conditions of equilibrium require that the absorbing mole-
cule collide with other molecules before this re-radiation takes place. In this
way the absorbed energy, which is stored in the form of a vibrational state of
the molecule (as in the case of 1 5 micron CO 2 absorption) is converted into
translational energy distributed among one or more other molecules. This
distribution of the absorbed energy affects the temperature of the gas, and the
population density of the molecular vibration states of the gas, as a whole, will
not depend directly on the absorbed radiation spectrum but on the temperature
of the gas according to the Boltzmann distribution. This is the important property
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of equilibrium; it occurs when the radiative lifetime of the excited vibrational
state is sufficiently longer than the mean time between molecular collisions.
In the absence of this equilibrium condition, an excited vibrational state will
spontaneously decay with the emission of a photon before the energy is distri-
buted and transformed into translational energy by collisions. Just as
vibrational states are more likely to be depopulated by spontaneous emission
than by collision, their population density is lower than estimated by the Boltz-
mann distribution. Under these conditions, the Planck function is no longer an
accurate description of the source function. Consequently, when the conditions
of local thermodynamic equilibrium are not satisfied, the value of the source
function is less than that given by the Planck function. The correction applied
to the Planck function is of the form
e
B (T). (65)Jv (T" P) = v
e + _ (T, P)
In this expression, 0 is the radiative lifetime of the vibrational state which
leads to the 1 5 micron absorption properties of carbon dioxide. The length
of time required to establish, in a gas, a Boltzmann distribution of molecular
vibrational states is called the vibrational relaxation time; this appears as
k(T, P) in the above relationship. At pressures sufficiently high that the
conditions of local thermodynamic equilibrium are satisfied, e_> k (T, P)
and J_(T, P) = 1/_B_(T). Complete details of the theoretical background
and choice of numerical values may be found in the section on atmospheric
physics.
The final characteristic of the horizon profile synthesizer program is the
computation of atmospheric refraction and its effect on the horizon. Radia-
tion from a source in the atmosphere traveling along an upward directed
slant path is refracted away from the vertical at the point of origination.
For the purposes of computation, refraction occurs only at the boundary
between two homogeneous atmospheric shells.
Numerical Properties
The numerical characteristics of the horizon profile synthesis program used
in the study were the use of an atmospheric shell model of specified type to
determine the physical size of each integration step in the numerical evalua-
tion of the sum on T_ (Equation 62), the use of a cutoff criterion to stop
the integration of (62) when the contribution becomes small, and the
selection of 69 tangent heights distributed from -30 km to +80 kin.
The integration of the radiative transfer equation,(62), is completed in the
usual manner by transforming the integral to a sum. The size of the inte-
gration steps is determined, in this case, by the input data. The distance
along the path of integration intercepted by each atmospheric shell is used to
determine the size of the summation interval, ds. Since the accuracy of this
numerical approximation to the integral improves with the number of shells
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used to resolve the atmospheric structure and since this also increases the time
required for the computation, studies were carried out to find the optimum shell
structure for use in resolving the atmospheric variations. These studies, pre-
viously described in the section on computational model, showed that the use of
more shells than specified in Table 25 results in no significant changes in the
output results of the program. The shell boundary altitudes below 30 km are
given for the 1962 standard atmosphere. Because these are determined by the
altitude of constant pressure surfaces, they change slightly from one atmos-
phere to another; the altitudes given here are typical, however. Above 30 km
the boundaries occur every 1.5 km beginning at 31.5 kin.
The criterion used for stopping the integration of the radiative transfer equation(62) is also defined in detail in the section on computational model. It is based
on the fact that when the atmospheric transmittance no longer changes along the
path of integration, no further contributions to the total radiance result from
continuing the integration. Since transmittance is greater than, or equal to,
zero and since it cannot increase, a sufficient criterion to check is the magni-
tude of the transmittance. This check is carried out at each step in the inte-
gration. When the threshold value is reached, the integration stops, and the
calculation for the next tangent height begins. The threshold value used in the
profile synthesis is 10-3. The sum of the transmittance in the ten spectral
intervals must be less than this value before the integration stops.
The tangent heights selected to resolve adequately the shape of the horizon
radiance profile were chosen on the basis of additional numerical experimen-
tation for this purpose. As reported in" the section on computational model,
the results specified a total of 69 tangent heights with five km resolution from
-30 to -10 km and from +60 to +80 kin, two km resolution from -10 to 0 km and
from +50 to +60 km, and one km resolution from 0 to +50 kin.
Output
The output of the horizon profile synthesis computer program consists of the
radiance in each of the ten spectral intervals from 600 to 725 cm -1, for the
entire body of data analyzed. This includes all profiles of the synoptic, time
cross section, space cross section, climatological, and auxiliary data; each
case is numerically coded and stored on magnetic tape.
The eight center spectral intervals were summed to find the horizon radiance
profile from 615 to 715 cm -I The result of this summation is also recorded
on tape in a format suitable for analysis in subsequent study tasks. A line
printer was used for visual display of this data; a digital listing and a printer
plot of the 615 to 715 cm -I profile is provided for each ease.
C ONC LUSIONS
The radiance profile computer program generated all the data contained in the
report. It contained all the elements necessary to synthesize 15_ carbon dioxide
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TABLE 25.- SHELL BOUNDARY ALTITUDES BELOW 30 km USED IN THE
ATMOSPHERIC TEMPERATURE AND PRESSURE DATA
Shell no. Boundary altitude, km Pressure, mb
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
O. 58
0.96
1.45
1.97
2.49
3.00
3.85
4.70
5.55
6.75
7.95
9.15
i0.03
10.91
11.80
13.27
14.74
16.20
17.67
19.14
20.60
21.67
22.74
23.80
26.20
28.60
31. O0
955
904
850
800
747
700
629
562
500
425
359
300
262
230
2OO
158
127
100
79
64
50
42
36
3O
21
15
10
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horizon profiles. However, to make a more general synthesis program, all of
the information from this program was incorporated into a more comprehensive
program as discussed in the next section.
COMPREHENSIVE RADIANCE PROFILE SYNTHESIZER - CORPS
The description of the profile synthesizer program presented in the previous
section provides an understanding of the radiance profile synthesis program
used for this study. All the capabilities of that program are reproduced and
additional capabilities available in the final profile synthesizer program, CORPS.
In addition to the capability of the calculating horizon radiance profiles with the
only absorber being carbon dioxide, the CORPS program allows the determin-
ation of the effects of ozone and water vapor absorption in the 600 to 725 cm-1
spectral region. As presented in the section on spectral analysis studies, both
of these gages are minor absorbers in this spectral band.
Also included in this program is the capability of calculating horizon radiance
programs using different spectral resolution in the 600 to 725 cm-lthan that
previously provided in this study. Transmittance data are included for five
cm-1 bands within this region for all three gases, permitting twenty-five sep-
arate spectral bands within the total spectral region considered.
Presented in this section are the capabilities of this advanced horizon radiance
profile synthesizer, a summary of the mathematical model used, and a
description of each of the options included.
CAPABILITIES
The CORPS program provides the capability for continuation and expansion of
all the horizon profile synthesis tasks described in this volume with a single
computer program. Additional capability is provided by an option to use the
transmittance data given by Elsasser for CO 2 instead of the Plass data des-
cribed earlier in the section on atmospheric physics.
Also provided are transmittance data for ozone and water vapor, both of
which are absorbers in the wing regions of the 15 micron carbon dioxide band.
CORPS is provided with a capability to make use of this data for examination
of the effect of these gases on the 15 micron horizon radiance profile.
A filter function option is also provided to permit the simulation of any
desired horizon radiance profile as it would be seen through the filter of a
radiometer.
The capabilities and combinations of capabilities that may be simultaneously
performed by the CORPS program are listed in Table 26.
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TABLE 26.- CORPS CAPABILITY SUMMARY
Clouds
Transmissivity gate
Refraction
Azimuth
Thermal equilibrium X X X X _ ///_9o_ %¢_ /
Doppler broadening X X X X X xX_O%'_
co2- Elsasser x x x x X O O____\/.*'_"
O3-EIsasser X X _ X X O _ _ \";_
H20- Elsasser X X X X X O X X X_'-_/
i
Weighting functions O X X O X X IX X
I !
Fi_ter s X X X X X X X X I _x_ I X
i i
X - Available
O - Unavailable
MATHEMATICAL MODEL SUMMARY
The basic inputs to the radiance profile calculations are a temperature profile
and a pressure profile. From these data three quantities are computed at each
virtual tangent height and at each point s along the corresponding scan line
(see Figure 16). Theyare the optical depthu{H T, s), the effective temperature
T (HT, S), and the effective pressure p (HT,S). From these three quantities,
the transmittance ,; of each gas is computed for each of the 25 spectral sub-
intervals; that is,
• CO 2 (H T, s, v) =fco 2 [U(HT, s), T (H T, s), p (H T, s), _] (66)
(HT, s, _)= T (H T, s), p ] (67)TO3 fo3 [u (HT, s), - (H T, s),
The total transmittance for the atmosphere is obtained by
T (HT, s, v) = TCO 2 (HT, s, _) * TO3 (H T, s, v) * _H20(H T,s,_) (69)
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Then the radiance N(H T, v) for each wave number v and for each virtual
tangent height HT is computed by
where
T
N(H T, _) = B(_,T) dT+B(_), T o)T ° (70)
B(., T) =
p =
__%2_
p 3/(eT -1), (71)
-5
1. 19089 x 10 erg cm/sec/sr
q __ 1. 4389, °K cm,
T
O
T
O
= temperature at the Earth's surface, °K,
I transmittance from the Earth's surface to the
satellite if H T < 0,
zero ifH T > 0.
Finally, the radiance profile for the entire spectral interval is found using
')2
N(HT) = / N(H T, v) F(_) d_ (72)
where F(_) is a filter function to weight the wave number _.
TRANSMITTANCE COMPUTATION
Two methods to compute the transmittance of a radiating gas are provided.
The first, due to Plass, has only been developed for carbon dioxide. The
second method, due to Elsasser, is somewhat less accurate but can be used
to study all three gases.
Inthe case of the Plass method, the inputs are the three quantities u(H T, s),
T(H T, s), and _(H T, s), and eight coefficients which depend on wave number,
AI(_)) , A2(_)), BI(_)) , B2(_)) , Co(_)) , CI(_), C2(_) , and C3(v), as discussed in
the section on atmospheric physics.
The transmittance is found by evaluating the following expressions:
F = log e (u * _),
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- { C3(_) C l(v)}Y = ,[ * F + C2(_))] * F + *F + C O
Y = Y+[A 1(_))+B l(v) * F]* (T - 250)
(_)), (74)
+ [A2(_) + B2(v) * F] * (T 2 _ 62500), (75)
and, finally,
_CO 2 (HT, s, _) = exp (-exp (Y)). (76)
The Elsasser (ref. 4) method may be used for the transmittance of ozone and
water vapor as well as carbon dioxide. In this method, the spectral trans-
mittance of each gas is treated as a function of the product of the "reduced"
optical path for the appropriate gas and of the generalized absorption coefficient,
L (v), which contains all spectral dependence. The use of a "reduced" optical
path, defined below, which is independent of wave number, is physically
justified by the detailed model of the molecular absorption process. The
reduced optical depth is a function of temperature and pressure which
approximately takes into account the effects of collision broadening. In the
Plass model, this is accomplished by a three parameter table look-up for
each spectral interval. Thus, the Elsasser transmittance functions have the
form
T(U,T,p,_) = _IU* (T,p_. L(_)).
In this expression, U* (T,p) is the reduced optical path, and L(v) is the
generalized absorption coefficient. Because of the range of variation in
reduced optical path, the tables are consistently prepared in the form
(77)
T = T (lOgl0 U* + lOgl0 L). (78)
The generalized absorption coefficients in the Elsasser tables are specified
at intervals of ten wave numbers for CO2, every 20 wave numbers for 03
and every 40 wave numbers for H20 and at a temperature of 293°K. To obtain
the coefficients for the five wave number division, the available data from the
tables were plotted on a graph for each gas, and the values of the absorption
coefficient were read from a smooth curve through the points. For example,
the value of lOgl0 L for the 620 to 625 cm-I interval was read from theo
curves at wave number 622.5 cm-I Twenty-five storage locations of log L
values are required in the program for each gas (seventy-five in all). I0 o
The common logarithm of the generalized absorption coefficients for 0 3, H20,
and CO 2 are listed in Table 27 for each interval.
The values of transmittance for each absorbing gas in the Elsasser tables are
tabulated as a function of the sum (lOgl0 U* + lOgl0 L), as is indicated by
Equation (2). To determine the value of transmittance, the program computes
the .correct value of U* for the gas, determines the common logarithm of
16"/
TABLE 27.- GENERALIZED ABSORPTION COEFFICIENTS - 0 3, H20, AND
CO2, To= 293°K
600 - 605
605 - 610
610 - 615
615 - 620
620 - 625
625 - 630
630 - 635
635 - 640
640 - 645
645 - 650
650 - 655
655 - 660
660 - 665
665 - 670
670 - 675
675 - 680
680 - 685
685 - 690
690 - 695
695 - 700
700 - 705
705 - 710
710 - 715
715 - 720
720 - 725
0 3 log i0 Lo
-5.33
-4.83
-4.35
-3.97
-3.67
-3.42
-3.22
-3.06
-2.91
-2. 77
-2. 65
-2. 54
-2.44
-2.35
-2.27
-2. 19
-2. 14
-2. 12
-2. 12
-2. 16
-2, 25
-2.29
-2.28
-2.23
-2.09
H 2 lOgl0 Lo
-0. 58
-0. 63
-0. 68
-0. 73
-0. 78
-0. 83
-0. 88
-0. 94
-i. O0
-1.06
-1. 11
-1. 17
-1.22
-i. 28
-I. 33
-1.39
-I. 45
-1. 52
-1. 58
-1. 64
-1. 70
-1. 77
-1. 83
-1. 89
-1.96
H20 log 10 Lo
-I. 92
-I. 66
-i. 40
-I. 16
-0.93
-0. 72
-0. 51
-0.31
-0. 12
+0.07
+0.22
+0.33
+0.38
+0.43
+0.42
+0.37
+0.23
+0.07
-0.08
-0.26
-0.43
-0. 61
-0. 79
-0.98
-i. 18
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this value, adds this lOgl0 U* to the appropriate value of lOgl0 L for the spectral
interval, and then determines the value of the transmittance for this logarithmic
sum. A linear interpolation between transmittance table values is used.
However, the procedures for computing the correct reduced optical path and
the final transmittance value are somewhat different for each gas. For clarity,
it is important that the calculating procedure should be discussed separately
for each gas.
In general, an increment of reduced optical path for a shell
lation to the true optical path dU, is expressed by
dU* - dU,
1013.2
where Pi and T. are the mean shell pressure (mb) and temperature (°K),1
respectively. The factors 1013.2 and (273]Ti)1/2 correct for the pressure
and temperature dependence of line width.
dU* and its re-
(79)
Ozone
The total reduced optical path down to a given point along the line of sight is
the integral of Equation (79)or, for the numerical integration, is the summation
of incremental paths for each shell,
U*O3 (cm STP) = _ Pi 2/_i 3i=l 1013.
where n is the number of shells encountered, qO3
1/2 As (80)qO 3
is the mixing ratio of ozone
for each shell, and As is the distance traversed in the ith shell. Note that
U';-" must have (cm STP) units. There is a singular peculiarity for the ozone
03
pressure reduction p-/1013.2. If Pi is greater than 13.4 rob, the correction
is constant and Pi/10i3.2 equals 0. 132. For values of Pi less than or equal
to 13.4 rob, the normal pressure reduction is employed as indicated in
Equation (80). Transmittance values for ozone are listed in Table 28.
Water Vapor
The total reduced optical path for H20 is
n
U'H20 = 1. 292 x 10 .3 Zi;1
0 As (81)
where qH20 is the water vapor mixing ratio for the ith shell and U*H20
the units of precipitable cm H20.
has
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TABLE 28.- TRANSMITTANCE VALUES FOR OZONE
LOgl0 U*O3 + LOgl0 L
-4.3
-4.2
-4. 1
-4.0
-3.9
-3.8
-3. 7
-3.6
-3.5
-3.4
-3.3
-3.2
-3. 1
-3.0
-2.9
-2.8
-2. 7
-2. 6
-2. 5
-2.4
-2.3
-2.2
-2. 1
-2.0
-1.9
-1.8
-1.7
-1.6
-1.5
-1.4
T all
I.000
0. 992
0. 984
0. 976
0. 968
0. 960
0. 952
0. 944
0. 936
0. 927
0. 917
0. 906
0. 894
O. 881
O. 868
O. 849
O. 830
O. 809
O. 786
O. 761
O. 734
O. 705
O. 673
O. 638
O. 600
O. 559
O. 515
O. 468
O. 418
O. 366
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TABLE 28.- TRANSMITTANCE VALUES FOR OZONE - Continued
Log10 U','-" + L03 L°gl0
-1.3
-1.2
-1.1
-I. 0
-0. 9
-0. 8
-0. 7
-0. 6
-0. 5
-0.4
-0.3
Tau
0. 312
0. 257
0. 202
0. 151
0. 108
0. 074
0. 048
0. 029
0. 015
0. 005
0
There is a second order temperature effect on line intensity that affects the
value of log L used in Equation (78). Values of log L o in Table 27 are valid
at 293_. For other temperatures, Elsasser suggests a correction that
scales the log L value with respect to temperature;
(_).Vo)2 29__33, (82)
= - A(293-T) + l°gl0 Tlog10 L l°gl0 L° T
where T is the effective temperature as used in the Plass method, A is a
specified constant, _a is the wavenumber, and v ° is the center of the band.
For H20, A equals 9.8 x 10 -6 and v equals zero. Thus, a new value ofo
log10 L must be computed each time a transmittance value is calculated.
In addition to the temperature scaling of the absorption coefficient, Elsasser
makes a correction for absorption by the continuum, which is assumed to
extend from 660 to 1220 cm -I. This region includes a portion of the CO 2
band which is of interest to the horizon problem; this region extends from
660 to 725 cm-1.
This continuous absorption is expressed by an exponential transmission
function,
Taucont" = exp [-K U':"H20_,
where K is the continuum absorption coefficient and U""H20
optical path of water vapor. Table 29 includes a tabulation of the common
logarithm of the continuum absorption coefficient. These tabulated values
are different than those listed in Elsasser's monograph. The values of K
(83)
is the reduced
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have been increased by a factor of 10 (plus 1 added to the common logarithm)
which is the commonly accepted practice since Elsasser underestimated the
water vapor continuum absorption effects.
TABLE 29.-CORRECTED WATER VAPOR CONTINUUM
ABSORPTION COEFFICIENTS
600 - 660
660 - 665
665 - 670
670 - 675
675 - 680
680 - 685
685 - 690
690 - 695
695 - 700
700 - 705
705 - 710
710 - 715
715 - 720
720 - 725
LOgl0 K
No correction
-0. 737
-0. 750
-0. 762
-0. 775
-0. 787
-0. 800
-0. 812
-0. 825
-0.83 7
-0. 850
-0. 862
-0.875
-0. 887
Note that the value of K, not the values of Table 29, are used in Equation
(83). The program takes the common antilogarithm of the table values before
computing the transmission correction.
Summarizing the procedure for the H20 transmittance calculation, the value
of U'H2 O is computed using Equation (81); the absorption coefficient logarithm,
log10 L o, is then scaled for temperature effects using Equation (82); and the sum
(log D U'H2 O + lOgl0L) is entered into Table 30 to compute the spectral band
transmittance. The band transmittance TaUband is then multiplied by the con-
tinuum transmittance, TaUcont ., computed from Equation (83) to get the total
transmittance of water vapor. That is,
TauH20 = Taucont" TaUband. (84)
Carbon Dioxide
The total reduced optical path for CO 2 is
U,CO 2 n(cm STP) = Z
i=l I_.3 ) 3/2• qCO2 AS (85)
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TABLE 30.-TRANSMITTANCE TABLE FOR WATER VAPOR
lOgl0 U'H20 + lOgl0L
-3. 7
-3.6
-3. 5
-3.4
-3.3
-3.2
-3. 1
-3.0
-2.9
-2.8
-2. 7
-2. 6
-2. 5
-2.4
-2.3
-2.2
-2. 1
-2.0
-1.9
-1.8
-1.7
-1.6
-1.5
-1.4
-1.3
-1.2
-l. 1
-1. O
-0.9
-0. 8
-0. 7
TaUband %
00.00
99.90
99.67
99.32
98.87
98.33
97. 72
97.05
96.33
95. 56
94.75
93.89
92.98
92.00
90.94
89. 78
88.51
87.11
85. 56
83. 84
81.94
79.84
77. 53
75.00
72.25
69.28
66.10
62. 72
59. 15
55.41
51. 52
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TABLE 30.- TRANSMITTANCE TABLE FOR WATER
VAPOR - Concluded
lOgl0 U'H20 + log10 L TaUband
-0.6 47.
-0. 5 43.
-0.4
-0.3
-0.2
-0. 1
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
5O
38
39. 19
34.97
30. 76
26. 61
22. 58
18. 74
15. 18
11.98
9.20
6.87
5.00
3. 57
2. 50
1. 68
1.03
0.49
0.00
where qCO 2 is the mixing ratio of CO 2 for the ith shell. Note that CO 2 has
the units of cm STP.
The CO 2 transmittance calculation also includes a correction for temperature,
based on Equation (82). However, the procedure here is more involved than
that described in the previous section on water vapor. The value of '_o in
-1
Equation (82) is 667 cm , the center of the CO 2 band. The constant A has
two values depending on whether the wave number being used is greater or
-1
less than the center of the band. If v is greater than 667 cm , A equals
- -13.4 x 10 4. If v is less than 667 cm , A equals 4.6 x 10 -4 • When v
equals 667 crn-1, the term in Equation (82) involving A is zero.
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Elsasser also suggests a scaling for the reduced optical path of CO 2, U-.-CO 2
This scaling is an adjustment to his table values to allow equating the data
with observed transmittance values and with the calculations of Yamamoto
(ref. I). This scaling for the synthesizer program is quite straightforward;
an input lOgl0 U'CO 2 is replaced by a new corrected lOgl0 U'CO 2 values.
Tabulated values of this relationship are presented in Table 31 which is based
as a look-up table in the computer program• As an example, consider the
corrected value in Figure 90 for an input value of -2. The arrows indicate
that a -2 value corresponds to a corrected value of approximately -2.45.
Summarizing the procedure for the CO2 transmittance calculation, the value of
U_'._O 2 is computed using Equation (85)., the common logarithm of this U'CO 2
is then replaced by a corrected value using Table 31; then, the absorption
coefficient is scaled for temperature effects using Equation (82) and the sum
(corrected lOgl0U*co 2 plus lOgl01og) is entered into Table 32 to compute the
CO 2 spectral transmittance.
The units of U* for the three gases must be centimeters. The mixing ratio
qco 2 is commonly expressed in parts per million, qco2 in gm H20 per kgm
of air, and qO 3 in cm per kin. Assuming the mixing ratios are expressed in
the above form, qco2 must be multiplied by i0 -6, qH20 by i0 -3, and qo 3 by
10 -5 in order to have correct dimensions for respective U* values.
TABLE 31.- INPUT AND CORRECTED LOGIoU*co 2 VALUES
Input log 10 U*C 0 2 C orrec ted log 10U'co2
- i0 - i0.82
- 9 -9•82
- 8
- 7
- 6
- 5
- 4
- 3
- 2
- 1
0
1
2
3
4
5
8.82
7.82
6.82
5.80
4.72
3.60
2.46
1.29
0.11
0.97
2.02
3.03
4.04
5.05
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Input log 10 U* CO2 value
Figure 90. P10t of Corrected LOgl0 u versus Input Log10 u
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TABLE 32.- TRANSMITTANCE TABLE FOR CARBON DIOXIDE
ilOgl0U*co2 + logl0 L Tau _ lOgl0U*co 2 + lOgl0 L Tau
-5.2
-5.1
-5.0
-4.9
-4. 8
-4.7
-4. 6
-4. 5
-4.4
-4.3
-4.2
-4. 1
-4. 0
-3.9
-3.8
-3. 7
-3. 6
-3. 5
-3.4
-3.3
-3.2
-3. 1
-3.0
-2. 9
-2. 8
-2. 7
-2. 6
-2. 5
-2.4
-2.3
-2.2
-2. 1
-2.0
-1.9
-1.8
-1.7
-1.6
100. O0
99. 97
99. 91
99. 82
99. 70
99. 55
99.37
99. 16
98. 92
98. 65
98.35
98.02
97. 66
97.27
96. 85
96.39
95. 90
95.38
94. 82
94. 22
93. 58
92. 90
92. 18
91.41
90. 59
89. 72
88. 79
87.80
86. 74
85.61
84.40
83. 10
81. 70
80. 19
78. 56
76.80
74.91
-1.5
-1.4
-1.3
-1.2
-I.I
-I. 0
-0. 9
-0. 8
-0. 7
-0. 6
-0. 5
-0.4
-0.3
-0.2
-0. 1
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0
2.1
72.88
70. 71
68.39
65.92
63.30
60. 53
57.62
54. 58
51.42
48. 15
44. 78
41.33
37.82
34.28
30. 75
27.27
23.89
20. 66
17.63
14. 84
12.30
10.02
8.01
6.27
4.80
3.60
2.66
1.96
1.47
1. 13
0.89
0.71
O. 56
O. 42
0.28
O. 14
O. O0
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DOPPLER BROADENING
Doppler broadening is a correction to the transmittance which is available only
when the Plass CO 2 transmittance model is used. Denote by TCO 2 (H T, s, v)
the value of transmittance given by this model. We compute the correction using
¢CORR (HT' s, v) = TCO 2 (H T, s,v) [I - "sum y" (lOgl0u, T, v) ] (86)
where u and T are the optical depth and effective temperature, respectively.
The value of the "sum y" correction are found in the Tables of Appendix B.
LOCAL THERMODYNAMIC EQUILIBRIUM
The correction for lack of local thermodynamic equilibrium is made to the
Planck black body function B(v, T) defined byEquation (82). The correction
is the multiplication of B at each shell by the factor 0](0 + k) where 0 =
0. 412 and
Xi = 10-6x-- , i = 1,2 ..... n. (87)
Pi
THE AZIMUTH OPTION
The usual model for radiance calculation uses only one temperature profile
and one pressure profile as inputs. The azimuth option allows the user to
study the effect of passing the path of integration through two different sets
of input profiles (see Figure 77). The data describing atmosphere number
one is used for all calculations along the path of integration until the
separation line is reached. This line, which makes an angle _I, with the
line along which tangent height is measured, separates atmospheres numbers
one and two. At this point, an average of the data for the two atmospheres
is made to permit a smooth transition from the first atmosphere to the
second; when the calculations are complete for that shell, the data from the
atmosphere number two is used alone from that point on. A similar procedure
is followed to complete the calculation for the next tangent height.
INTEGRATION STOP
Under this option, the program calculates at each shell the total transmittance
across the complete spectral interval, _ = 600 cm-i to _ = 725 cm -I. If, in
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a given shell, this total transmittance is less than a given value, Tgate the
integration on that tangent height line is stopped since all radiation beyond
that point is negligible. That is, if
25
• (HT, s, v i) < Tgat e (88)i=l
the integration is stopped, and the program begins with the next tangent height.
CLOUD STUDY OPTION
This option uses essentially the same procedure as in the transmissivity gate
option. The calculations along a given scan line are continued until the tan-
gent heightline encounters a cloud at some altitude. The blackbody radiance
from the cloud to the 90 km altitude level is calculated, and then, a new
tangent height calculation is begun. This assumes that all radiance produced
beyond the cloud has been absorbed by the cloud. The cloud altitudes are
read in as input data.
If two cloud altitudes fall within the same shell, then the effect on the radiance
profile caused by these two clouds will be identical. Due to this, it is
advisable to use many shells at low altitudes when doing cloud studies.
WEIGHTING FUNCTIONS
A weighting function is the quantity
T -T
A/__Z i/ i i+l
= , i = 1,2,...,n (89)
Zi+ 1 - Z. 1
computed for each shell traversed by the scan line of a given tangent height.
The weighting function also depends on the spectral interval being considered
and on the atmosphere used as input.
FILTER FUNCTION
The filter function is a set of numbers F& with 0 < F& < 1; one number for
each spectral interval is considered. In the calculation of radiance over the
complete spectral interval, we include F& as a factor in each term;
k
N(HT) = _ N(HT,_) F_. (90)
_I
1'79
RE FRAC TION
The effects of refraction may be included in the computation at the userVs
option. When refraction is included, the path of integration is refracted at
each shell boundary according to Snell's law and the index of refraction. The
index of refraction, as described in the section on atmospheric physics, is
found from the average temperature and pressure of each shell.
CONCLUSIONS
The COmprehensive Radiance Profile Synthesizer (CORPS) computer program
developed under this study represents the most comprehensive work done to
date in this area. As a result of this effort, the CORPS program represents
the present state-of-the-art in horizon radiance profile synthesis in the 600 to
725 cm -1 spectral region.
Besides the inclusion of two separate methods of computing CO2 transmittance
date, capabilities for optional inclusion of water vapor and ozone absorption
in this spectral region are included. Use of spectral resolution up to a maxi-
mum of 5 cm-1 is also an option. This allows a finer structural resolution of
particular spectral regions in the 600 to 725 cm -1 spectral region as well as
an accurate representation of any filter characteristics desired.
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CONC LUSIONS
The most comprehensive analysis conducted to date in the synthesis of horizon
radiance profiles has resulted in the information presented in this report. Ex-
tensive theoretical analyses of all factors that cause and affect the Earthts
horizon radiance profile were conducted. A computational model was developed
that computes the horizon radiance magnitude versus tangent heights from -30
km to +80 km. Inaddition to the primary absorber, CO 2, in the 600 to 725 cm -1
spectral region, the secondary absorbers, water vapor and ozone,were included.
A specific goal in the study was to develop a horizon radiance computer program
that was computationally efficient yet accurately representative of all physical
effects with sufficient resolution for the Horizon Definition Study. To determine
the radiance calculation resolution, a study was made using different numbers
of shells in representing the atmosphere. As few as 30 shells and as many as
204 shells were studied; the final resolution being that 67 concentric shells were
the least number required to represent accurately the atmospheric effects.
An analysis of the tangent height resolution required accurate physical repre-
sentation of horizon profile anomalies and cloud effects and determination of
located altitudes. The tangent heights selected to resolve adequately the shape
of the horizon radiance profile were five km resolution from -30 to -10 km and
from +60 to +80 km, two km resolution from - 10 to 0 km and from +50 to +60 km,
and one km resolution from 0 to +50 km.
This horizon profile synthesis study also yielded overall improvements including
the use of CO 2 transmittance data which describes the entire range of pres-
sures and optical paths encountered in the calculations. A degree of spectral
resolution is also permitted which has not been realistically achievable in the
past. The ultimate spectral resolution in the 15 micron CO 2 band made
possible by this work is 5 cm-i intervals in wavenumber spanning the range
from 600 to 725 cm -I. Assumptions common to previous work, relating to
the negligibility of effects due to Doppler broadening and the absence of local
thermodynamic equilibrium, were quantitatively examined; small numerical
corrections were found to account for both of these effects. Weighting func-
tions, showing the atmospheric levels at which the radiative contributions to
the horizon profile in each spectral interval originate, were developed and
provide a valuable tool for the interpretation of the general properties of the
overall horizon profile.
A study of the spectral properties of the 15 micron CO 2 band as affected by
atmospheric variables was carried out to recommend the most suitable
spectral range within the 600 to 725 cm -1 region for horizon uniformity.
The spectral resolution wavenumber made possible by the improved trans-
mittance data was used to advantage, as were the weighting functions, to
select a number of suitable spectral ranges. The corresponding horizon
profiles for these ranges are shown in the text. The effects of water vapor
and ozone were independently examined and contributed to the final selection
of the 615 to 715 cm -1 range as recommended for use in the study and as
suitable for horizon sensing.
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Factors not adequately reflected in the meteorological data base for the
synthesis of profiles used in the study, but which do affect the horizon,
were analyzed independently. A direct analysis of the effects of clouds estab-
lished the compatibility of the observed large cloud effects (up to 20 percent}
near the center of the Earthls disk with the predicted small effects (less than
2 percent) in the limb region of the horizon profile. Similar studies estab-
lished the possible importance of azimuthal effects on the determination of
data requirements; the uncertainty of the value and uniformity of the atmos-
pheric CO 2 concentration was shown not to affect the horizon radiance
within the limits of the error in the known value of CO 2 concentration.
A total of 1085 horizon profiles were synthesized from a broad base of mete-
orological data using the horizon profile synthesis techniques developed. A
capability for continuing studies is provided in the form of a computer program
which can duplicate all calculations described in this report. Additionally it
can perform horizon calculations which include the effects of water vapor and
ozone, and it also can substitute E1sasser's data for CO 2 transmittance in
place of the curve fit data used in the study. This computer program (CORPS)
is considered to be the present state-of-the-art in the synthesis of horizon
radiance profiles in the 15_ carbon dioxide spectral band.
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APPENDIX A
CURVE FIT COEFFICIENTS FOR SPECTRAL TRANSMITTANCE
CALCULATIONS
Curve fit coefficients, Tables A1 and A2, are provided for use in finding the
atmospheric transmittance along a tangent height with the desired spectral
resolution in the CO2 band. The coefficients CO, C1, C2, C3, A1, A2, B1,
and B2 are provided for each spectral interval.
The transmissivity in the desired spectral interval interval is found by
evaluating the expre ssion
_" = exp (- exp Y (T)) (AI)
using the proper coefficients in the manner specified below:
Y (T) = Y (250) + (A I + Blln e up) (T - 250) + (A 2 + B21n e up) (_2 _ (250)2)
(A2)
where 3
where ¥ (250) = ._ c i (ln e up) i. (A3)
1=O
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TABLE A2.- CURVE FIT COEFFICIENTS FOR A 25 INTERVAL
DIVISION OF THE CARBON DIOXIDE BAND
Wavenumber
-1
cm
600 - 605
600 - 605
605- 610
605 - 610
610 - 615
610 - 615
_---_o-- -
615 - 620
620 - 625
620 - 625
625 - 630
625 - 630
CO =-0.2059E 01
AI : 0.2845E-01
co -< _66r -6i--
AI = 0.2508E-01
CO =-0.1913E 0l
AI = 0.2500E-01
CO =-0.6496E 00
A1 = 0.2427E-01
CO =-0. 9708E 00
AI = 0. 2466E-0t
C0 :-0.1094E 01
AI = 0.2064E-01
_3o :_3-_-- co-_-o._6Eo-6-
630 - 635 AI = 0.1731E-01
635 - 640 AI = 0.1074E-01
640 - 645 A1 - 0.8374E-02
645 - 650 CO = 0.5226E 00
645 - 650 A1 = 0.3873E-02
/
650 - 655 A1 =-0.6438E-03 I
655 - 660 At -0.2864E-02
660 - 665
665 - 670
665 - 670
670 - 675
670 - 675
675 - 680
675 - 680
680 - 685
680 - 685
A1 =-0.2866E-02
CO = 0.1581E 01
A1 --0.1849E-02
CO = 0.5982E 00
A1 =-0.2964E-02
CO : 0.3750E 00
AI =-0. 3190E-02
CO = 0. 3085E 00
AI : 0. 1207E-02
A, B and C coefficients
CI : 0. 5345E 00 C2 = 0. 4735E-03
A2 =-0. 3544E-04 Bl =-0. 1988E-03
C1 = 0. 5429E 00
A2 =-0.3183E-04
C1 : 0. 53flTE 00
A2 =-0.3103E-04
C1 = 0. 4670E 00
A2 :-0.3255E-04
CI = 0.4881E 00
A2 =-0,3254E-04
Cl : 0.5227E 00
A2 =-0.2516E-04
CI = 0.5259E 00
A2 =-0.2070E-04
C1 = 0.5258E 00
A2 =-0. I133E-04
C1 = 0.5226E 00
A2 :-0. 9330E-05
CI = 0.5209E 00
A2 =-0.2421E-05
Cl = 0.5475E 00
A2 = 0.2341E-05
C1 0. 5657E 00
A2 = 0.4464E-05
C1 = 0. 5043E 00
A2 = 0.4004E-05
CI = 0.4545E 00
A2 = 0.1799E-05
C1 = 0.4893E 00
A2 = 0.5146E-05
C1 : 0.5768E 00
A2 = 0.5444E-05
C1 = 0. 5622E O0
A2 =-0.1181E-05
685 - 690 CO = 0.7475E-01 C1 = 0.5635E 00
665 - 690 AI : 0.4749E-02 A2 =-0.4402E-05
690 - 695 C0 =-0.1999E 00 Cl = 0.5443E 00
690 - 695 AI = 0.1094E-01 A2 =-0.1318E-04
695 - 700 CO _-0.5606E 00 C1 = 0.5394E 00
695 - 700 A1 : 0.1667E-01 A2 =-0.2118E-04
.....................
C2 = 0,9158E-03
B1 =-0,2967E-03
C2 = 0. I018E-02
BI =-0.1348E-02
C2 =-0.1117E-01
B1 =-0,1429E-03
C2 =-0.3081E-02
BI =-0.1147E-02
C2 = 0,9985E-03
BI =-0. 7863E-03
C2 = 0.4944E-02
BI = 0,3972E-04
C2 = 0.4451E-02
B1 =-0.8162E-04
C2 = 0,2344E-02
BI =-0.1409E-03
C2 = 0.2917E-02
B1 =-0.2004E-03
C2 = 0.1223E-01
BI : 0.5680E-03
C2 = 0.1514E-01
B1 = 0.3343E-03
C2 = 0. 4062E-02
BI =-0.2181E-02
C2 =-0.7751E-02
BI = 0.3196E-02
C2 = 0.2140E-01
B1 = 0. 5660E-03
B1 = 0.1620E-01
B1 =-0. 5589E-03
C2 = 0.1288E-01
B1 =-0. I148E-02
C2 = 0.1304E-01
B1 = 0.3228E-02
C2 = 0.7285E-02
B1 =-0.9948E-03
C2 = 0.7133E-02
B1 =-0.7771E-03
C3 = 0.1754E-03
B2 = 0.1970E-07
C3 = 0.7054E-04
B2 = 0.3035E-06
C3 = 0.4o15E-o3
B2 = 0.2423E-05
C3 =-0.5972E-03
B2 =-0.6801E-06
C3 = 0.8933E-04
B2 = 0.1682E°05
C3 = 0o1969E-03
B2 = 0.1244E-05
c3 : 0._b-_-_--
B2 =-0.2974E-06
C3 = 0.4902E-03
B2 = 0.1052E-06
C3 = 0.3125E-03
B2 = 0.1398E-06
C3 = 0.4480E303
B2 = 0.1608E-06
C3 = 0.1234E-02
]32 =-0.1662E-05
C3 = 0.1334E-02
B2 =-0.100OE-05
C3 = 0.7427E-03
B2 = 0.4345E-05
C3 =-0.1627E-03
B2 =-0.7419E-05
C3 = 0.2304E-02
B2 =-0.2058E-05
C3 = 0.1371E-02
B2 = 0.6459E-06
C3 : 0.1098E-02
B2 = 0.1942E-05
C3 = 0.1087E-02
B2 =-0.6662E-05
C3 = 0.5822E-03
B2 = 0.1565E-05
C3 = 0.6003E-03
B2 = 0.1322E-05
700 - 705
700 - 705
705- 710
705 -710
710 - 715
710 -715
715 - 720
715- 720
-_ __-_2_---
720 - 725
CO :-0,8201E 00
A1 : 0.2395E-01
CO =-0.1199E 01
AI = 0.2737E-01
CO =-0. 1552E O1
A1 = 0.2574E-01
CO --0. 8974E 00
A1 = 0.2479E-01
CO :-0,7514E O0
AI : 0.2027E-01
C1 = 0.53fl$E 00
A2 =-0.3176E-04
CI = 0. 5312E 00
A2 =-0.3838E-04
CI = 0. 5436E 00
A2 =-0. 3124E-04
C1 = 0.4765E 00
A2 =-0.3091E-04
CI = 0.4525E 00
A2 =-0.2585E-04
C2 = 0.5191E-02
BI :-0.7774E-03
C2 = 0.4247E-02
B1 =-0. I020E-02
C2 : 0. 2749E-02
BI =-0.4645E-05
C2 :-0.6213E-02
BI :-0.8478E-03
C2 :-0.1445E-01
BI =-0.5027E-03
C3 : 0.4480E-03
I]2 = 0. I184E-05
C3 : 0.4863E-03
B2 = 0.1640E-05
C3 : 0.1488E-03
B$ : 0.5831E-08
C3 =-0.1930E-03
B2 : 0. I159E-05
C3 :-0.6852E-03
B2 =-0.3843E-07
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APPENDIX B
COMPUTATIONAL TREATMENT OF THE DOPPLER
BROADENING CORRECTION
From the tables presented, the final corrected transmission
mixed Doppler-Lorentz shape is to be obtained by computing
for theTMcor
_ = _ (i -"SUM Y"). (131)
cor
Tables BI, 2 and 3, which follow, give "SUM Y" as a function of temperature,
T, wavenumber band v, and optical path(logl0 u). In program use, the tabular
interpolation should be with respect to log u for the path. Twenty-five wave
number intervals of width five cm -I are given, from 600 to 725 cm -I, and
identified by the value at the center of the interval. Thus v = 647.5 is the
table for the interval 645-650 cm -I. Tables for any larger intervals may be
constructed by averaging "SUM Y". Individual results are given for the three
temperatures, 200, 250, 300¢_K.
Thus the result is obtained from two interpolations. Optical path is interpolated
as log u, and temperature is linearly interpolated. For temperatures below
200°K, a linear extension of the correction trend between 250 ° and 200°K is
recommended.
These data have been obtained by a modification of the quasi-random model of
Stull, Wyatt, and Plass in the high altitude non-overlapping region, using their
data for the line count ni and the average line strength Si in five wave number
intervals and decade line strength intervals.
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A PPE NDIX C
DOPPLER BROADENING
The width and shape of an absorption line depends upon collisional or "Lorentz"
broadening and "Doppler" broadening, which is a result of the motion of the
molecules. The Lorentz half-width of an absorption line depends mainly on
atmospheric pressure, which decreases exponentially with height in the atmo-
sphere. The Doppler half-width depends mainly on the square root of atmo-
spheric temperature, which is relatively constant with altitude. In the lower
atmosphere, where pressures are high, the Doppler half-width is negligible
compared to the Lorentz half-width and its effect may be neglected in radiative
transfer calculations.
At about 33 km, the Doppler half-width equals the Lorentz half-width for the
15micron CO2 band. At higher altitudes the Lorentz width becomes much
smaller, and the absorption line profile has a mixed Doppler-Lorentz shape.
Many authors have pointed out that this has the effect of producing a positive
inflection on the experimental absorption curve of growth, or of resulting in
measured absorptions being somewhat greater than those predicted by band
models or model extrapolations from measured data, where the models are
based on pure Lorentz line shape. This discrepancy depends on u, _, T and
on the exact distribution of the line strengths within a spectral interval Av.
The question has arisen as to the effect-of this phenomenon on the transmission
functions developed for horizon radiative transfer calculations. The question
is complicated by the absence of any real experimental transmission data at
the required low pressures, yet large optical paths, corresponding to the sit-
uation of a horizon sensing satellite. The published tables of 15 micron transLa
mission functions have generally been restricted to pressures greater than i0 -
atmospheres, where the Doppler correction is insignificant; thus the use of
models based on Lorentz line shapes has been valid.
A number of ways of deriving numerical data for the introduction of a Doppler
correction to a transmission function extrapolated to low pressure from a
Lorentz model have been analyzed. The final choice was for an "equivalent
width" theory, with a quasi-random correction for overlapping, using the data
of Stull, Wyatt, and Plass (ref. 2) for the line count and average line strength
in five wave number intervals and decade line-strength intervals.
LINE PROFILES,
Figure C 1 shows the approximate Lorentz and Doppler half-line widths, Aw L
and AvID (cm-_ (one-half width between half maxima), as a function of altitude
for the 1959 ARDC Model Atmosphere. At about 33 km these are equal. The
Doppler width is proportional to square root temperature and varies very little.
The Lorentz width is proportional to pressure or density, and therefore is much
larger than Doppler at low altitudes, and much smaller at high altitudes.
Since the Doppler shape falls off exponentially, while the Lorentz shape falls
off only as the inverse square, with spectral distance from line center, the
combined shape differs only slightly from pure Lorentz when the parameter,
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Av L
a = _ (In 2) 1/2
= 0. 831 AVL/AV D, (C1)
Av D
is large (low altitude). For a <<1 (high altitude), the combined shape has the
Doppler shape near the line center, then makes the transition to the Lorentz
shape at the distant wings.
Modern reviews of this subject have been given by Penner (ref. 22), Plass
and Five1 (ref. 23) and Goody (ref. 7) who also gives extensive references to
the older literature.
The total line strength of a line is called
= y k.d_=S, y b. d_ (cm/moleculeoratm-l-cm-2).Si 1 z i
line line (C2)
In this form, the line profile shape is expressed in a relative function b i (v)
(cm) normalized to unit area,
Pure Doppler line profiles:
dv = 1. (C3)
b D (vi) = exp Vl 2 In 2
h_)D
(C4)
Peak value:
bD (o) = -- (era)
A_D
(C 5)
Half width:
12kT ) I/2Av D = _ _ In 2 (C6)oi mc
Pure collision (or Lorentz) line profiles: the classical or quantum theory of
collision broadening is based on the interruption of the oscillator by a damping
coefficient _ (sec- i). There is a "natural" component based on the Heisenberg
uncertainty principle.
Half width: i( )i( )= -- Yu + Y_ - Z A + Z (C7)A_N 4uc 4TTC m<u um m<_ A_m
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where the A's are Einstein transition probabilities. However, the vibration-
rotation A1s of the 15micron CO2 band (and most vibration spectra) are so
-ii -i
small that the natural width for these lines is estimated to be less than i0 cm ,
or less than 10 -3 of the collision broadening at :DO km (Figure C I).
The Lorentz (ref. 24) collision treatment determines the damping interruption
from twice the mean collision frequency of the molecules according to the
elementary kinetic theory of gases.
_m -1 _£_P (C8)
y = 6. 74 x 1010 o I o2 1 + M2-1
where _ is the optical collision diameter of the colliding molecules in angstroms,
M is the molecular weight in gin/mole, p is the total pressure in atm. _nd T
is in degrees Kelvin. Thus the Lorentz half-width AV L varies as pT -I/
Extrapolation is then done from the best experimental value measured by Kaplan
and Eggers (ref. 25). Thus,
Half width: ( To ii12/_)L = (0.065 cm -1) _ -- (C9)
Po T
T O = 288_ and Po i arm are the standard ARDC sea level values.
b L (_i) = . (CI0)
_A_) L [I + (_i2//_L2)]
where
Peak values:
-1 (cm) . (Cll)b L (0) = (nAVL)
The mixed Doppler-Lorentz profile is given by Mitchell and Zemansky (ref. 26)
as,
bM('_ i' a) a pc° exp (-x 2)
B(v i, a) = - / 2 2 dx (C12)
bD(0 ) _ v-_ a + (_ - x)
where
oo 2
So(x)= _-1/2 exp -ax--- 4 cos gx dx, (C12a)
A vL
a - (ln 2) 1/2 = 0. 831
h '_D
hVLAv D]
(C 13)
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b M is normalized to unity,
/
_°
1
A vD
(In 2) I/2 - O. 831
b M d_ i = 1.0 ,
(C14)
(c15)
but
= _ A_ D
Bd'_i bD(O )
We shall be concerned only with small values of a, and for this case an
asymptotic series has been developed in powers of a:
B = -- = exp (__2) + 2an-I/2 - 2_ F ( + a2 (I - 2_ 2) exp (__2)
bD
(c16)
- 2a3_ "1/2 (1 - _2) _ 2_ 1 --- F(_
3
2/+ a4 _ 2_2 +_ _43 exp (- _2) +... (c17)
For the purposes of illustrating approximately some of the quantitative
effects involved in mixed Doppler-Lorentz line profiles, Table C1 has listed
some atmospheric parameters of interest from 0 to 100 km from the 1959
ARDC Model Atmosphere.
Figures C2 and C3 show accurate computations of Equation (C17), B(_), using
the abulated coefficients listed by Penner (ref. 22) from the tabulation of
• Hax 'is (ref. 27), for altitudes of 60 km (a = 0. 0253) and 80 km (a = 0. 00158).
For convenience in the use of the tables, the curves are exact in the ordinate
B and the abscissa _. However, from Equations (C1) and (C17) it can be
seen that the normalizing factor to the ordinate b(v i) and the abscissa vi in
Equation (C5):
1 (Ln2) 1/2bD(0 ) - _ (C18)
A_ D
From Equation (C 6), Figure C 1,
width A_ D varies only as Voi
or Table C 1, it is evident that the Doppler
T1/2, or over a maximum range of 5.05 to
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10-4 -I = 666.7 cm -I from 0 to i00 kilometers6.1 x cm at 15 microns or _)oi
altitude, due to the variation of atmospheric temperature. By using the mean
value of 5.60 x 10-4 cm-l, the maximum error is about ±10percent. Further,
from 14 to 16 microns the error due to line position is ±6.7 percent. There-
fore, on Figures C2 and C3, additional ordinate b and abscissa vi scales are
printed, using this mean value of Doppler width. If higher accuracy in b(_i)
were desired, the more accurate values of AV D could be used. This approxi-
mate scaling on Figures C2 and C3 is used for Doppler, Lorentz, and mixed
broadening, all of which are to the same scale on each graph.
In the form
BD(_) = exp (-_2) _
B(_), the Doppler formula (Equation C4) becomes
bD(_ i)
bD (0)
and the Lorentz shape, Equation (C10) becomes
(C19)
EBL(_) = - 1 + (C20)bD (0) bD (0)
= -- 1 + (C20a)
nl/2 a
Penner (ref. 22) states that for a <0.2, which includes all cases of interest
to our problem, the first three terms of Equation (C17) give accuracy to better
than 0.08 percent.
-1
A numerical integration from 600 to 750 cm at a resolution of Av D = 0. 0006
-1
cm amounts to 250 000 spectral intervals. Therefore, some of the absorption
models, Elsasser, statistical, quasi-random, etc., are clearly necessary
unless computing time is not restricted to practical limits.
= + h_ 6380 kin., the CO 2For a tangent path at the Earth radius, z r e
optical path is approximately given by:
U _
U _-_
--GO
(17 500 cm) xn (molecules/cm3), (C22)
where
H = scale height for density _ 7 km,
f = mixing ratio for CO 2, 3.3 x 10 -4 ,
n = atmospheric number density at h.
2O5
The approximate values of total u for a tangent path given by Equation (C22)
have also been listed in Table Ci.
Plass and Fivel (ref. 23) have discussed the effects of all three line shapes
(Doppler, Lorentz, and mixed) on atmospheric absorption and radiative trans-
fer from an atmospheric layer to the vertical hemisphere above. However, in
our case we are interested in the radiative transfer along a beam of narrow
steradiancy which is horizontal to the Earth's surface at some tangent height
hT. Therefore, although many of our conclusions may be somewhat similar
to-those of Plass-Fivel, there may be some differences, and the exact
mathematical expressions will usually not apply.
DOPPLER CORRECTION BY "EQUIVALENT WIDTH" METHOD
The integrated absorption over a single isolated spectral line is sometimes
called the "equivalent width",
W = y (1 - e -uSb) d_ . (C23)
For a molecular band containing non-overlapping lines,
= 1 - _ over an interval A_ is given, simply by
the average absorption
1
K =- E W. (C24)
M I "
where the index "i" denumerates the total number of lines in the interval.
For the 15 micron CO2 band in the horizon radiance problem, there is almost
no overlapping above about 50 kin. as can be seen from the low values of
absorption or radiance; yet the strongest lines are totally saturated and from
the fact that the Doppler width of 1. 1 x 10 -3 cm - 1 leaves room for over 1000
lines of moderate strength in one rotational cycle of 1.59 cm-1 before appreci-
able overlapping occurs; yet the strongest lines are totally saturated. In any
case, it can be shown that overlapping can only reduce the amount of the Doppler
correction, because it only adds to the saturation in Equation (C23). Later a
correction for overlapping shall be added.
Plass (ref. 28) has summarized the formulae for the equivalent widths for the
pure Lorentz, pure Doppler, and mixed shapes. It is seen from Equation (C23)
that W is a function of the parameter Su and the shape function b(_). In addi-
tion to explicit functions that have been derived from the Lorentz and Doppler
shape, the "weak" and "strong" asymptotic values for small and large Su,
respectively, are given. In our treatment of the Doppler correction, these
simpler approximations will be used in their region of validity.
206
Lorentz:
WL = Su
-2TT X
e [I ° (x) +I I (x)], (c25)
Su
X = m
A VL
I o, I I = Bessel functions.
Weak:
Strong:
Doppler:
for Su << AWL, WL _ Su.
for Su >> 5VL, W L _ 2 (SUhVL)
1/2
(C26)
(C2 7)
Weak:
Strong:
=o (.i)n XD n
W D = Su Z 1/2
n=o (n+l)! (n+l)
x D
J Ln 2 Su
AD
(C28)
W D-_ Su for Su<< h D . (C29)
W D_ 2A D for Su>> 5 D , (C30)
as can be seen from the exponential steepness of the shape.
Mixed: The "equivalent width" has not been solved explicitly, but the asymp-
totic solutions are
Weak:
W M = Su for Su << 2Av D . (C31)
Strong:
W L for Su >> 5_2D/5W M ML
Between these two limits;
(C32)
W M = W D •
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We note that the Doppler "equivalent" width is almost constant independent of
altitude and pressure, while the Lorentz width varies approximately propor-
tional to pressure. In Figure C4, W versus Su is plotted for each of these
shapes for three choices of altitude where p, Axe, or u+: vary by approxi-
mately factors of 1] 10, starting from tangent height equal to 34 kin, where
AV D _ 2A_ L.
We note in Figure C4 that the mixed and Lorentz shapes give identical equivalent
widths at all line strengths for Av L > Av D (33 km or below). Reasoning approxi-
mately from the straight line intersections between weak and strong limits, for
the two higher altitudes it may be noted that the mixed and Lorentz shapes still
give identical results for very strong and very weak lines. But there is an
intermediate range of values of line strength where the mixed shape leads to
more absorption than the Lorentz shape. The intersection between the weak
and strong Doppler occurs at
S2u
which varies with altitude.
2A,_D
= 2hVD, or S2 - (C33)
U
The range of strengths leading to error lie from
4A_ L
S 1 =
U
S 1 to $3:
(C34)
A9 D
S3 - (C3 5)
4A_ L
Figure C5 plots the asymptotic boundaries S 1, S2, S 3 of Equations (C33), (C34)
and (C 35) where the equivalent widths change their forms, versus the optical path
u for the one-dimensional scaling where _ = 10 -4 u.
At any fixed value of u, this region from Slu to S3u in Figure C5 is called
here the "error triangle". For any value of S within this region, the error
in W is the difference between the equivalent widths for Doppler and Lorentz
line shapes
AW = WD(S ) - WL(S ) (C36)
= Su - 2_Su/_ L from S 1 to S 2
= 2A_) D = 2_SuAv L from S 2 to S 3
= 0, otherwise.
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Therefore, we can rewrite Equation (C2) as
1 $3
AA,_ = _ +-- Y" AW(S) . (C37)
5v S 1
(This form is correct only when overlapping is negligible. )
There is no overlapping of lines when up is very_small, i.e., when the
Lorentz absorption A L <<I, TL _ L0. But as A L -,i.0, the Doppler cor-
rection is superposed on an already saturated and overlapping absorption. In
this condition, the main contribution to the Lorentz model absorption comes
from the very strong lines, while the main contribution to the Doppler cor-
rection results from a large group of intermediate strength lines. By
assuming these two sets of lines to be uncorrelated in line position, we can
use the law of product transmissions for uncorrelated lines, in order to
correct for overlapping:
= VlV2 •
Thus, the form of (C37) corrected for overlap expresses the final model
value for the transmission is
Similarly,
Model),
come s
I 1 $3 1Yrco r = rrL 1 - -- E 5W(S) .
5"_ S I
(C38)
(C39)
by assuming that all line positions are uncorrelated (the Random
it can be shown that the overlap correction for Equation (C2) be-
[i ]= exp -_-- _. Wi(S ) .
Therefore, given a listing of all the line strengths S(m)
Av, either of the following could be calculated:
(I) the total transmission by Equation (C40), or
(2)
(C40)
in any given interval
the difference between transmission by mixed and Lorentz line
shapes, by Equations (C36) and (C39).
SOURCES OF LINE STRENGTH DATA
The principal sources of published lists of line strength data are Yamamoto
and Sasamori (ref. 29), Young (ref. 14), and Stull, Wyatt, and Plass (ref. 2).
Yamamoto and Sasamori give only about two or three decades of line strength
at any wavenumber, which turned out to be too few to cover the intermediate
strength range contributing strongly to the Doppler correction. Young (ref. 14)
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gives all lines of the single most abundant isotope C120216 down to S = l0 -8
atm -I cm -2, but the lines contributed by other isotopes are missing. The
fractional concentrations of the isotopes of natural CO 2 are shown in Table C2.
Stull, et al., (ref. 2) give the line count n i and the average line strength S i
in five wave number intervals and decade line strength intervals for the three
temperatures, 200, 250, and 300°K. Their data include all isotopes.
With a considerable amount of work, the spectroscopic data described above
could be extended to include all needed lines of all isotopes, about 5, 000 lines
in all between 600-750 cm -1. Then the procedures of Equations (C39) or (C40)
could be used to calculate the CO 2 transmission for very low values of optical
path u_ including Doppler effects.
Either of these two methods would amount to a program approximating the
magnitude of the transmission calculations of Dryson, Young, et al, at the
University of Michigan.
CALCULATION OF THE DOPPLER CORRECTION
The method selected for computing the Doppler correction to the transmission
data was to calculate the sum term of Equation (C39) over the five decade line
groups for which Stull, Wyatt, and Plas,s list the line count n i and average
strength Si" This is called "SUM Y" in the program. The Doppler corrected
transmission is
_rcor = _L (I - "SUM Y") , (C41)
5
"SUM Y" = _] Yi '
i-i
where Yi is given by summing Equation (C36) for the line group
4A_ L
ifSi < i/Sl - ' Yi = 0
U
(C42)
2A_) D n.1 [if $1 < Si < $2- ' Yi-u _)
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TABLE C2. -CARBON DIOXIDE - ISOTOPE ABUNDANCES
No.
1
2
3
4
5
6
7
8
Molecular
w eight
C O O
12 16 16
13 16 16
12 16 18
12 16 17
13 16 18
13 16 17
12 18 18
12 17 18
Relative
abundance
1.00
0. 0112
4.0 xl0 -3
8.0 x 10 -4
-5
4.5x10
8.9 x 10 -6
-64.1x10
1. 6 x 10 -6
Percent
abundance
98.4
I. I0
0.4
0.08
4.4 x 10"3
8. 7 x 10 -4
4.0x 10 -4
I. 5 x 10 -4
If S 2 < Si < $3 -
uAv L
ni{ yi =_Av 5v D - 2_UAVLS i , (C44)
. > S 3If $1
The sum (C42) is calculated for:
Yi = 0 .
temperature, T = 200, 250, and 300_K.
LOgl0 u = +1. 5 + 1.0 .... , - 2. 5 - 3.0.
5v = 5 cm -1 intervals.
v (band) = 622. 5 to 722. 5 cm -1 (band center).
Other parameters appearing in Equations (C43) and (C44)
j ~Av L = aop 300/T = Lorentz half-width at p, T.
N
= 0.064 cm 1 = Lorentz half-width atp = 1, T = 300°K.
o
Av D = 5. 7 x 10-4_ T/250 = Doppler half-width.
N
p = uxl0 -4. (C45)
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NOTES
(i)
(2)
Stull, et al., actually list the parameter they call "_ oi" = (nao)-lsi"
The Si are the average strengths of the n i lines in an interval. From
the linear form of the first terms in (C43) and (C44), it is clear that the
first term is rigorously equal to its equivalent in Equation (C 36), i.e.,
niS i = T Sk, (C46)
n.
1
where the index k denotes the individual lines in the group n i. But since the
sum and square root operations do not permute, there can be some errors in
the second term of (C43) and (C44), as compared to the rigorous
Skl/2
n.
i
depending on the exact distribution of line strength in the decade group n i
However, for most values of the parameters, the second term is very small
compared to the first.
(3) The assumption _ = u x 10 -4 is an approximation for optical paths
from outside the atmosphere. This assumption effectively reduces
the two-dimensional (u-g) scaling to a one-dimensional scale,
u or up. This proved successful in the Lorentz strong l in_region,
where the transmission is very closely a function of (u, p, T ) only.
For the Doppler region, the transmission is more nearly a function
of (u, T), independent of p, again because for almost all conditions
the second terms of (C43) and (C44) are smaller than the first.
Therefore, the assumption p = I0-4 u will save one interpolation
in each Doppler computation, but will not lead to a large error.
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APPENDIX D
1. Figures D1 - D40, Spectral Radiance Profiles for 10 Spectral Intervals.
2. Figures D41 - D51, Spectral Variation for Constant Latitude and Time.
3. Figures D52 - D61, Spectral Interval Weighting Functions.
4. Figures D62 - D73, Integrated Horizon Profiles.
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APPEND_ D
The following figures show the spectral radiance profiles for 10 spectral
intervals, spectral variation for constant latitude and time, spectral interval
weighting functions, and integrated horizon profiles.
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TECHNICAL REPORTS: Scientific and technical information Considered
importer, complete, and a lasting contribution.to existing knowleflge.
TECHNICAL NOTES: Information less broad in scope but nevertheless of
imporeance as a contribufiun to existing knowledge.
TECHNICAL MEMORANDUMS: Information receiving fimited distrilm-
tkm because of preliminary data, security classification, or othex reasons.
CONTRACTOR REPORTS: Scientific and technical information generated
under a NASA contract or grant and considered an important contribution to
existing knowledge.
TECHNICAL TRANSLATIONS: Information published in a foreign
language considered to merit NASA distribution in English.
SPECIAL PUBLICATIONS: Information derived from or of value to NASA
activities. Publications include conference proceedings, monographs, data
compilations, handbooks, sourcebooks, and special bibHographie_
TECHNOLOGY UTILIZATION PUBLICATIONS: Information on tech-
nology used by NASA that may be of particular interest in commercial and other
non-aerospace applications. Publications include Tech Briefs, Technology
Utilization Reports and Notes, and Technology Surveys.
Detoih on the ovolJaSiJity of t_esepubJicationsmay be obtained _rom:
SCIENTIFIC AND TECHNICAL INFORMATION DIVISION
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Wmhin_ion, D.C. g054_
